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Inefficient operation of traffic at work zone areas typically leads to increase in travel 
time delays, queue length, fuel consumption, number of forced merges, and roadway 
accidents.  In order to improve the operational efficiency of work zones, research on 
freeway work zones constantly seeks to develop different lane merge control strategies, 
in addition to the conventional lane merge configuration, recommended by the Manual 
on Uniform Traffic Control Devices.  This study evaluates the operational efficiency and 
safety benefits of a newly proposed configuration, joint lane merge (JLM), and compare 
its performance with the conventional lane merge (CLM) configuration.  A simulation 
model (VISSIM) was calibrated with real-world data from an existing work zone on I-55 
and used to simulate a work zone area with both configurations.  A total of 25 different 
scenarios were generated from five different levels of demand and five truck 
percentages.  Performance measures in terms of total throughput, average delay time, 
uncomfortable decelerations, speed variance and speed differential were compared for 
both configurations. Statistical analysis was conducted to determine the differences in 
operational and safety performance between both configurations.  The results showed 
that the joint lane merge outperformed the conventional lane merge by a maximum of 
12.6% improvement in throughput and 94.83% reduction in average delay time at high 
levels of demand.  The results also indicate that the conventional lane merge 
configurations are more suitable for sites with relatively high percentage of trucks, while 
joint lane merge configurations are more suitable for sites with low percentage of 
x 
 
trucks. The safety performance measures indicate that joint lane merge is safer as 
compared to conventional lane merge for volumes lower than or equal to 1500 vph. 
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CHAPTER 1 INTRODUCTION 
The main challenge at freeway work zones is to guide the motorists efficiently and safely 
through the work zone areas.  Increase in travel time delays, queue length, fuel 
consumption, number of forced merges, and roadway accidents are the typical results 
of inefficient operation of traffic on freeways caused by work zones (Al-Kaisy A., & F. 
Hall, 2002).  For example, nearly 10% of the entire travel time delays in the US were 
estimated to be experienced by motorists at work zones (Chitturi, Madhav V., and 
Rahim F. Benekohal, 2008).  In order to improve the operational efficiency of work 
zones, research on freeway work zones constantly seeks to develop different lane 
merge control strategies, in addition to the conventional lane merge (CLM) 
configuration, recommended by the Manual on Uniform Traffic Control Devices 
(MUTCD).  Currently, there is still a need to examine new lane merge configurations that 
could potentially improve the operational and safety efficiency of work zones. 
Under CLM configurations, when two lanes merge into one lane, vehicles in the 
open lane are given the right of way, while those in the closed lane are expected to 
move into the open lane before the two lanes merge.  As such, vehicles in the open lane 
are given the opportunity to continue to move into the work zone area without 
stopping.  Vehicles in the closed lane may have to slow down or stop, if the merging 
gaps in the open lane are limited.  Such typical conditions lead to queues, large delays, 
forced merging maneuvers and possibly unsafe situations that could result in accidents.  
In order to guide the motorists through the work zone area in a more efficient way, 
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where the right of way is not explicitly given to either one of the two merging lanes, a 
new configuration is proposed and referred to as Joint Lane Merge (JLM).   
1.1 Problem Statement 
This study evaluates the operational and safety efficiency of this newly proposed 
configuration (JLM) and compares its performance with the conventional lane merge 
configuration (CLM).  The study examines the effect of demand volume and percentage 
of trucks in the traffic composition on the operational and safety assessment of a lane 
merge configuration at work zones. 
1.2 Objectives  
 The first objective was to do safety assessment using crash data collected at work 
zones of Louisiana during 2003 to 2007. 
 The second objective of the study was to compare the operational efficiency of JLM 
and CLM configurations at freeway work zones under different scenarios. 
 The third objective was to compare the safety benefits of CLM and JLM 
configurations under different scenarios. 
1.3 Scope 
The operational and safety assessment was conducted using VISSIM, a microscopic 
simulation model that is widely accepted for use in research and practice.  Scenarios 
were generated from variation in the level of demand and percentage of trucks in traffic 
composition.  Real world data collected from a work zone with CLM configuration on I-
55 in Louisiana in August 2008 was used to calibrate the driving behavior in VISSIM, 
before the model was applied to examine the performance of the new configuration.  
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The work zone in this study was assumed to be on a level grade section of the freeway, 
with message signs located at fixed positions according to MUTCD.  The study was 
limited to JLM and CLM configurations with fixed lengths and speed limits, and to the 
case of two lanes merging into one lane.  This study is limited to driving behavior of 
motorists in Louisiana at freeway work zones.  Many factors influenced the operational 
performance of a work zone configuration.  Since all the factors cannot be replicated 
using simulation site configuration, percentage of heavy vehicles and total number of 
vehicles were considered as the three main factors in this research study. The present 
study mainly focused on the rear end, side swipe accidents and fixed object crashes that 
could probably occur in the advanced warning area, transition area and buffer area. 
Surrogate measures were used as performance measures to understand the safety of 
work zones from the simulation results. Since the vehicles merge into a single lane in the 
activity area, it is difficult to find measures that could probably lead to accidents. The 
focus of the safety was based on simulation to investigate the chances of accidents that 








CHAPTER 2 LITERATURE REVIEW 
Various merge control strategies at work zones had been studied in the open literature.  
Several studies evaluated the operational efficiency of the CLM strategy, along with 
some unconventional merge configurations such as static early merge, static late merge, 
dynamic early merge, and dynamic late merge (see for instance, Nemeth, Z. A., and 
Rouphail N. M. 1982 - Grillo, Lia F., Tapan K. Datta, and Catherine Hartner,2008). Some 
studies also evaluated the safety concern at work zones.  This section provides a brief 
review of the research studies that examined the effectiveness of the most commonly 
used merge control strategies. 
2.1. Lane Merge Control Strategies 
2.1.1 Early Merge 
  Early lane merge strategy is divided into static early merge and dynamic early merge.  
Both strategies encourage traffic to merge earlier than it does under CLM configuration.  
Rouphail et al. (1982) studied CLM and static early merge strategies and found that 
static early merge strategy reduced the number of forced merges at the transition area, 
and yet increased the travel times especially during the high traffic period.  Tarko et al. 
(1998) studied CLM and dynamic early merge strategies and observed that the dynamic 
early merge strategy increased the area of merge by moving the area of merge 
backwards.  It also increased the size of queues and caused reduction of speed in the 
open lane during high traffic period.  McCoy and Pesti (2001) studied the dynamic early 
merge strategy with Indiana lane merge system shown in Figure 1.  A larger area for 
merging was possible for this system reducing the number of forced merges.  However, 
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abrupt decelerations and large queue lengths were the main disadvantages in the case 
of dynamic early merge systems. 
 
Figure 1: Dynamic Early Merge Layout-Indiana Lane merge system (Source: McCoy and 
Pesti, 2001) 
2.1.2 Late Merge 
Late lane merge strategy (Figure 2) forces the vehicles to stay in lane until they reach 
the merge section.  It is divided into static late merge and dynamic late merge.  Beacher 
et al. (2005) evaluated CLM and static late merge strategies through a study that was 
conducted on a two lanes merging into one lane closure, in Virginia to improve traffic 
flow and safety at work zone closures.  The results were statistically insignificant from 
the study, since there were limited improvements in throughput.  However, the time in 
queue suggested positive response from the drivers towards late merge signs.  Kang et 
al. (2006) concluded that dynamic late merge strategy acts as CLM in unsaturated 
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conditions and as late merge in congested conditions.  Grillo F. et al. (2008) studied the 
effectiveness of dynamic late merge.  Various message signs were deployed using 
portable changeable message signs (PCMS) on I-94 of Michigan and used a remote 
traffic microwave sensor and a Doppler radar.  The results of the statistical and benefit-
cost analysis of their experiments suggested that dynamic late merge systems could be 
deployed at locations where highways experience moderate to heavy congestion, prior 
to construction work zones. 
 
Figure 2: Late Merge Layout (Source: Pesti et al., 1999) 
2.1.3 Zipping Method 
Alternate merging signs called the zipping signs were used in Netherlands, Belgium and 
Germany.  This sign allows the vehicles to merge in an alternating pattern. According to 
a study conducted in the Netherlands, the results suggested that zipping maneuvers do 
not lead to higher throughputs, but a change in the merging pattern was observed 





 Figure 3: Zipping methods 
A test sign was developed similar to zipping sign in the U.S. by the Connecticut 
Department of Transportation (Feldblum, Lane and Sime 2005).  This sign was the result 
from two surveys that showed it was the statistically best understood sign among 6 
signs developed. The MUTCD W4-2 signs were replaced with the test sign seen in Figure 
4.  This test sign was used in the field along with the W 4-2 sign and the results showed 
that the test sign had statistically increased the desirable number of merges from 56 to 
66 percent and reduced the undesirable merges from nine to five percent.  Based on the 
success of this test sign it is used in the present study for the joint lane merge 
configuration. Desirable merges refers to the alternating pattern of merge and 
undesirable merges refer to the conventional pattern of merge. 
2.1.4 Other Strategies 
Harb et al. (2009) studied simplified dynamic lane merge strategies shown in Figure 5, 
for both early merge and late merge configurations as a supplement to the conventional 
 
 
(a): Zipping method used in Germany 
 
(b): Zipping method used in Netherlands  (Source- 




systems used by Florida Department of Transportation.  The data collected from two 
proposed strategies along with conventional strategy deployed at different locations on 
I-95 in Malabar. 
 
Figure 4: Experimental merge sign (Source: Feldblum et al., 2005) 
 
Statistical analysis suggested that the early simplified dynamic lane merge systems had 
significant positive effects on the capacity of the work zone when compared to the 
conventional systems and also that some drivers are complying with the messages 
displayed by the system. 
Figure 5: Simplified dynamic lane merge strategy (Source: Harb et al., 2009) 
  Schrock et al. (2009) studied the safety and operational benefits of the early lane 
merge strategy at work zones by deploying a static merge sign showing “State Law 
Merge Now” in the advance warning area.  This sign can be seen in Figure 6. This was a 
law enacted in 2007 in the state of Oklahoma.  The results of their research suggested 
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that the early merge signs did not reduce the percentage of vehicles that remained in 
the closed lane, but helped in reducing the number of observed conflicts at the merge 
area for hourly volumes greater than 550 vph. 
 
Figure 6: Static Merge Sign-“State Law Merge Now” (Source: Schrock et al., 2009) 
2.2 Safety Studies 
Safety at work zones is a critical factor. Since the percentage of crashes within the work 
zone area in Louisiana amounts to nearly 2 percent (Louisiana DOTD crash database) of 
the entire crashes on roadways, the percentage of crashes occurred on interstate work 
zone areas could be higher.  The factors affecting the crash rate occurred in work zones 
are the reduction of lanes, driving behavior, forced merges, length of transition, length 
of work zone area, vehicle composition and speed limit in the area. 
Zhu and Saccomanno (2004) studied the safety implications of freeway work 
zone closures using INTEGRATION which is micro level simulation software.  Lack of 
safety was measured by two traffic flow characteristics namely uncomfortable 
deceleration and speed variance.  A new lane closure layout (Figure 7) was proposed 
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and proved to be safer than the present lane merge configurations for both left lane and 
right lanes since the results suggested lower values of uncomfortable deceleration and 
speed variance for the new configuration. 
 
Figure 7: Lane merge configuration proposed by Zhu and Saccomano(2004) 
According to literature done by Garber and Zhao (2002) an average of approximately 50 
percent of the accidents occurred only in the work area (buffer area and activity area).  
Their literature also showed that the main causes of crashes were higher speed 
differentials and speed variance in the transition area.  Their literature also showed that 
the main types of crashed occurred in the work zones were rear end crashes, side swipe 
crashes and fixed object crashes. 
Garber and Zhao studied the crash characteristics at work zones that occurred in 
Virginia between 1996 and 1999.  Their study showed that the main accidents at 
interstate highways occurred in the activity area as 70 percent and the rest of the 
crashes accounted for around 30 percent.  The main types of crashes occur in the 
advanced warning area, transition area and buffer area are rear end crashes and side 
swipe crashes which accounted for about 80 percent of the crashes.  The study showed 
that there was an increase of 26 % of side swipe crashes in transition area as compared 
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to advanced warning area.  The results indicated that the activity area was predominant 
type for work zone crashes regardless the highway type and rear end crashes were the 
predominant type of crashes.  This research study also mentioned that rear end crashes 
were related to the speed variance.  
A regression model was developed by Venugopal and Tarko (2000) to estimate 
crashes at work zones.  Their research was based on extensive data obtained from 
freeway data, crash data and work zone characteristics.  Negative Binomial models were 
developed with ADT, length of work zones and duration of work projects.  The models 
may be used for prediction purposes to evaluate beforehand the expected number of 
crashes at work zone given the work zone characteristics.  This idea was used along with 
crash data and ArcGIS to find out the crash characteristics near work zones in the past 
five years.  A negative binomial model was used to study the correlation of the factors 
critical to safety.  Some of the factors which were found to have high correlation were 
traffic volumes, length and duration of work zone, and intensity of work. 
According to study done by Wang et al. (1996), rear end crashes were of higher 
percentage of work zone crashes that in non work zone crashes.  According to the 
research done by Khattak et al. (1999), the crash rate during the work zone period is 
21.5 percent higher than the crash rates before work zone period.  The negative 
binomial regression models of before and during work zones indicated a positive 
correlation with ADT, length and duration of the work zone.  Further, the increase in the 
percentage of injury crashes was less than the increase in the percentage of non work 
zone crashes.  
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2.3 Simulation Based Work Zone Studies  
Several studies applied simulation models such as VISSIM to evaluate different lane 
merge strategies.  Some of these studies are briefly reviewed here.  For instance, 
Beacher et al. (2005) simulated work zone areas with VISSIM for six miles using late 
merge strategy and conventional strategy for the following three cases: three lanes 
merging into two lanes, lanes lanes into one lane and two lanes into one lane.  Data 
collection points were placed for each network after the lane closure to measure the 
throughput volumes.  Analysis by one way ANOVA showed a ten percent reduction in 
the estimated results compared to the field results.  For this reason, the applicability 
was suggested to be in the situations of more than twenty percent heavy vehicles in the 
traffic stream. 
Pesti G. et al. (2008) considered 10 different scenarios by changing lane 
configurations and configurations of closures for congested freeways to test dynamic 
late merge using VISSIM.  Their research findings indicated that dynamic late merge may 
not work for all types of lane configurations as it only worked for three scenarios out of 
10. 
Another study by Wei H. et al. (2008) examined three scenarios of lane closures 
at a work-zone bottleneck to evaluate the effect of an unconventional alternative, 
dynamic merge metering strategy (Figure 8) at work zones.  Based on the threshold 
volumes at merge, the cycle time of the merge metering signal was tested using VISSIM 
for three different cases of cycle lengths.  The threshold values of volumes using 
simulation were 1600 vph for the case of two to one lane.  The average reductions in 
13 
 
delay were reported as 21.3 % using fixed merge metering and 20 % using continuous 
merge metering  
Figure 8: Continuous Merge Metering (Source: Wei H. et al., 2008) 
Yang et al. (2009) studied a new Lane based signalized merge system (Figure 9) for 
freeway work zone operations using VISSIM after the model was calibrated with real 
world work zone data.  The experimental results suggested that under heavily 
congested conditions the lane based signalized merge strategy outperformed the 
conventional, early and late merge strategies with respect to operational efficiency and 
safety.  The study estimated the capacities of those strategies as 1800, 1500, 1600 and 
1400 vph, respectively. 
2.4 Work Zone Capacity 
According to the literature review done by Chatterjee et al. (2009), Table 1 shows the 
work zone capacities measured in different states.  They studied the variation of work 
zone capacity with early lane merge configuration for two scenarios: two lanes into one 
and three lanes into two.  A micro-simulation model (VISSIM) was used to calibrate two 
significant car following parameters and one lane changing parameter.  The input 
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demand volumes were 3000 and 5000 vph for two lanes into one lane and three lanes 
into two lanes scenarios, respectively.  The results obtained from their study studies 
done by varying those parameters produced capacities between 1200 vph and 2100 vph 
for both scenarios of lane closure with some exceptions.  The model produced desired 
traffic conditions consistent with traffic flow theory. 
 
 
Figure 9: Signalized based dynamic lane merge systems (Source: Yang et al., 2009) 
 




Al-Kaisy et al. (2002) conducted research to estimate capacity of long term 
reconstruction zones in Canada.  The base capacity of freeway reconstruction sites was 
estimated along with the individual effects of effect of heavy vehicles, driver population, 
rain, site configuration, work activity at site, and light condition.  Two models for 
capacity namely site specific and a generic model were proposed having the ideal 
capacity of the work zone as 2000 pcphpl. This was used to guidelines for estimating 
capacity at long term work zones. 
Kim et al. (2000) studied 12 work zones to investigate various independent 
factors which are responsible for reduction of capacity at work zones by using a capacity 
estimation model and also the geometric and traffic characteristics.  A multiple 
regression model was developed for capacity using number of closed lanes, percentage 
of heavy vehicles, grade and intensity of work.  The model developed gave improved 
performance when compared with the existing capacities. 
Benekohal et al. (2008) developed a new methodology for estimating capacity 
based on 11 work zones.  Operating speed, and duration of the work zone were taken 
into consideration and the methodology gave a better understanding for estimating 
capacity at work zone area.  The capacity estimated was done by using the operating 
speed by considering the factors of work intensity, lane width and lateral clearance.  The 
capacity was then estimated using speed flow curves.  This study was done for two lane 




The literature review shows that several studies attempted to evaluate different lane 
merge strategies in order to improve the operational and safety performance of work 
zone areas operating under conventional lane merge configurations. The next two 
sections summarize the findings from literature review in terms of operations and 
safety. 
2.5.1 Operational Performance 
Table 2 shows a comparative analysis presented by several studies indicates possible 
improvement that may result from variation in lane merge strategies in comparison with 
CLM configuration. 
Table 2: Comparitive Analysis of different lane merge strategies 
Lane Merge Strategy Advantages Disadvantages 
Early merge(static and 
dynamic) 
Reduced number of 
forced merges 
Increase in size of queues 
and abrupt decelerations 





message signs and 
reduced time in 
queues 
Increase in the number of 
forced merges 
Zipping Method 
Change in Merge 
patterns No increase in throughput 
Merge Metering(Fixed and 
continuous) 
Increase in volume 
and reduction in delay 
 Large queue length in the 
lane which has red signal 
Signalized base dynamic lane 
merge systems 
High throughput and 




From the literature review it can be observed that capacity of each lane merge 
configuration varied between 1400 pcphpl to less than 2000 pcphpl. The work zone 
capacity depends on various factors like percentage of heavy vehicles, total number of 
vehicles, site configuration, work activity, light condition, grade and rain.  Of all the lane 
merge configurations, merge metering and signalized based dynamic merge metering 
are the best with respect to operational performance. A lane merge strategy which has 
no traffic signal and can improve operational performance of a work zone is the main 
idea behind developing a new strategy. 
2.5.2 Safety Performance 
According to the literature review there is a higher chance of crashes occurring during 
the work zone period. Work zone accidents occurred more in the work area than the 
advanced warning area, transition area and termination area.  Rear end crashes and side 
swipe crashes constituted up to 80 percent of the entire work zone crashes.  Rear end 
crashes occur more due to sudden change in speeds. Side swipe crashes occurred due to 
the speed differential in lanes.  Uncomfortable decelerations and speed variance were 
two performance measures considered to study the safety using simulation.  These 













CHAPTER 3 METHODOLOGY 
The methodology part is divided into three sections. The first section explains the 
procedure of crash records analysis. The second section shows a step wise procedure 
developed to conduct a simulation for studying operational and safety performance of 
CLM and JLM lane merge configurations. The third section shows the performance 
measures used to study operational and safety performance of CLM and JLM 
configuration. 
3.1 Procedure for Crash Records Analysis of Louisiana 
Using crash data from Louisiana for the last five years, for which data is available, the 
number of crashes at interstate construction work zone sites during this period was 
identified.  Louisiana crash data does not distinguish where the crash occurred within 
the work zone, nor the duration for which the work zone was in operation.  Therefore, 
only the number of crashes by severity level (e.g. fatality, severe injury, minor injury, 
property-damage-only, etc.) at each site in the year of observation was identified. A 
random sample of 50 rural freeway work zone sites was selected noting the number of 
crashes of each severity at each site.  The sample produced an adequate range of 
number of crashes from those available in the data set. From official records of the work 
zones, the duration of the work zone operation, the ADT on the link, length of the 
selected work zone sites was tabulated and shown in APPENDIX A.  The crash data was 
normalized traffic volume, length and the duration for which the work zone was in 
operation, to get crash rate in a particular year to the number of crashes per 100 million 
vehicles miles traveled through the work zone.  For example, if a particular work zone of 
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3 miles length has an ADT of 12,000 vehicles per day, and it is reported that 4 injury 
crashes occurred in the work zone during 5 months of operation of the work zone, the 

















  injury crashes per 100 
million vehicle miles traveled in a work zone.  The analysis was conducted to compare 
the crashes occurring in advanced warning area, transition area, work area and 
termination area. One way ANOVA was used to compare the crash rates for the sample 
of 50 work zones. Pie diagrams showing the summary of different types of crashes was 
used to get the general statistics of the wok zone accidents.  From the diagrams the 
main types of crashes and the types of accidents were considered to determine the 
predominant crashes occurring in four areas of work zones. 
3.2 Procedure for Simulation Using VISSIM  
This section explains a step by step procedure to create a network model using VISSIM 
by simulation.  
3.2.1 Lane Merge Strategies 
A work zone is defined by MUTCD as an area of construction, maintenance, or utility 
work activities on a highway section.  A work zone typically extends from the first 
warning sign to the sign indicating the end of road work.  Lane closures are using 
implemented by adopting some lane merge configuration upstream of the actual work 
area.  The operational efficiency, as well as the safety implications, of such merge 
configurations is largely influenced by the geometric and traffic characteristics of the 
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work zone area.  This section defines and highlights the differences between the two 
lane merge configurations investigated in this study. 
3.2.1.1 Conventional Lane Merge (CLM) Configuration 
The CLM configuration is divided into five different areas as shown in Figure 10.  The five 
areas are (1) advance warning area, (2) transition area, (3) buffer area, (4) work area 
and (5) termination area.  The advance warning area is typically a mile long and is 
primarily used to inform the motorists of what to expect ahead as they approach the 
work zone area.  Information is relayed to traffic via road signs such as ‘ROAD WORK 
AHEAD’, typically placed one mile upstream of the work zone, ‘RIGHT LANE CLOSED 
AHEAD’, often placed at nearly 3000 ft before the beginning of the transition area, and 
‘SPEED ZONE AHEAD’, placed at nearly 2400 ft before the beginning of the transition 
area.  A speed limit sign is also placed within the advance warning area at approximately 
1800 ft upstream of the transition area. 
Tapering begins with the shoulder near the end of the advance warning area and 
continues for the closed lane into the transition area.  The closed lane is tapered from 
the full lane width (typically 12 ft) to nearly two ft to close the entire lane over a 
transition length.  The transition area is followed by the buffer area, which is the area 
between the end of transition area and the beginning of the work inside the work zone.  
The work area follows the buffer area and is set aside for workers, equipment, and 
material storage.  The termination area is where the closed lane re-opens with a 
downstream taper and traffic resumes normal operation. 
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3.2.1.2 Joint Lane Merge (JLM) Configuration 
The JLM configuration is also divided into 5 different areas as shown in Figure 11.  The 
advance warning area is typically a mile long.  Signs such as ‘ROAD WORK AHEAD’, ‘LANE 
CLOSED AHEAD’ and speed limit are placed in the same locations as CLM configuration.  
A sign that specifies ‘BOTH LANES MERGE AHEAD’ is placed at nearly 2400 ft before the 
beginning of the transition area. 
An experimental merge sign was used for transition area as shown in Figure 4.  
This sign is positioned at 1000 feet from the beginning of transition area.  This sign was 
developed by Connecticut department of transportation (Feldblum et al. 2005).  All the 
signs are seen in Figure 11.  The joint merge configuration provides the motorists with 
equal right of way from both merging lanes right from the beginning of the transition 
area.  Blinking arrow signs are placed on both sides of the road suggesting that vehicles 
should merge by taking alternating turns over the transition area.  The transition area is 
divided into three sections.  In the first section, both lanes are tapered from the full lane 
width (typically 12 ft) to nearly six ft from a single lane of 12ft.  In the second section the 
vehicles merge to the center line and in the third section vehicles are guided by the 
flashing arrow signs either to right or left depending on the location of work zone area. 
The length of the first section is equal to the length of the transition area of CLM and 
the lengths of sections two and three is half the length of the merge area. The total 
length of the transition area is the sum of length of three sections.  The buffer area, 




3.2.2 Geometric Characteristics of Work Zone Area 
According to the MUTCD definitions, the length of advance warning area, buffer area 
and termination area are fixed for CLM and JLM configurations.  According to MUTCD 





Where W is the width of each lane and S is the speed limit used in that area. 
For a speed limit of 70 mph and 12-ft lanes, the length of the transition area L for the 
CLM configuration is estimated to be 840 ft.  MUTCD recommends the length of shifting 
tapers to be half the length of the merging taper.  So, for JLM configuration the lengths 
of sections two and three of transition area are half the length of section one.  Hence, 
the total length of transition area is 1680 (2L).  For both CLM and JLM configurations, 
the lengths of the work area, buffer area and termination were assumed to be 1000 ft, 
360 ft, and 300 ft, respectively.  The lengths of each area for both CLM and JLM are 
shown in Table 3. 
Table 3: Length of various areas of work zones used in simulation 
3.2.3 VISSIM 
VISSIM is a microscopic simulation platform that models the individual behavior of 
vehicles in transportation networks.  VISSIM has a graphical user interface (GUI) that 











CLM 1 mile 840 ft (L) 360 ft 1000 ft 300 ft 
JLM 1 mile 1680ft (L+L/2+L/2) 360 ft 1000 ft 300 ft 
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applies microscopic car following and lane changing models that are critical to replicate 
the microscopic behavior of traffic in work zone areas, where car following and lane 
changing maneuvers dominate the overall traffic behavior.  A detailed description of 
VISSIM and its main features can be found in VISSIM user manual (2007). 
3.2.4 Construction of Work Zone Simulation Model 
The work zone areas for each of the two lane merge configurations were coded in 
VISSIM using links, connectors, routing decisions, and lane closures.  The model also 
required information on the demand traffic volumes, traffic compositions, data 
collection points, speed limits, reduced speed areas, and the values of the car following 
parameters for Wiedemann 99 Model (2007).  The links for the advance warning area, 
transition area, buffer area, activity area and termination area of both configurations 
were created using the defined lengths in Table 3.  For a speed limit of 70 mph and 12-ft 
lanes, the length of the transition area L for the CLM configuration is estimated to be 
840 ft.  MUTCD recommends the length of shifting tapers to be half the length of the 
merging taper.  So, for JLM configuration the lengths of sections two and three of 
transition area are half the length of section one.  Hence, the total length of transition 
area is 1680 (2L).  For both CLM and JLM configurations, the lengths of the work area, 
buffer area and termination were assumed to be 1000 ft, 360 ft and 300 ft respectively.   
The lengths of each area for both CLM and JLM are shown in Table 3.  Figure 12 
shows a screenshot of the CLM and JLM configuration networks built for VISSIM.  The 
normal speed limit was set to 70 mph before the advance warning area and after the 









Figure 11: Joint Lane Merge (JLM) Configuration 
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For the work zone area, however, the speed limit was reduced to 60 mph for 
both configurations according to the design from MUTCD.  The traffic was 
assumed to be composed of two types of vehicles: passenger cars and trucks.  
The desired speeds for cars and trucks were generated from a distribution that 
is defined by the highest, lowest, and 85th percentile speeds.  According to a 
study by Benekohal et al. (1992), the speed profiles of the vehicles in rural 
interstate highways showed that the speed of heavy vehicles is 4-7 mph less 
than the speed of passenger cars.  Therefore, the speeds were assumed 70, 65 
and 68 mph for cars and 65, 60 and 63 mph for trucks.  The routing decisions 
help the vehicles move from an origin link to a destination link in simulation. In 
this case they were considered as message signs and were given from the area 
of the merge signs to the end of the termination area. 
Figure 12: CLM and JLM simulation network model 
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3.2.5 Calibration of VISSIM 
Calibration of simulation models is important to ensure that the model can accurately 
and reliably represent the real world conditions.  As pointed out by Chatterjee et al. 
(2009), the capacity of work zones may vary from one location to another.  In VISSIM, 
the car following algorithm is based on Wiedemann 99 model, which has nine 
parameters (CC1-9).  Previous studies attempted to calibrate combinations of these 
parameters (see for instance, 0, 0, and 0).  This study focused on two parameters: (1) 
CC0, standstill distance, defined as the desired distance between vehicles when stopped 
and (2) CC1, headway time, defined as the desired headway between vehicles in 
seconds.  Since the capacity of a particular facility is sensitive to the values of CC0 and 
CC1, these two parameters were selected for calibration. 
The calibration in this study was done by replicating the capacity conditions of 
the CLM configuration setup on I-55 in Louisiana.  Work zone capacities measured in 
different states (Chatterjee et al. 2009) were found to be well below the capacity of 
basic freeway segments, estimated by Highway Capacity Manual (2000).  The observed 
range of work zone capacities suggests values in the neighborhood of the queue 
discharge rate, as indicated by Benekohal et al. (2004).  For this study, the work zone 
capacity was estimated by the average value of the moving queue discharge flow rates 
in the peak 15-minute period.  One-minute interval data was used to calculate the 
moving average around the maximum 15-minute throughput.  To convert traffic flows 
from vehicles to passenger cars, a passenger car equivalent value for trucks was 
assumed constant and equal to 1.5.  This value recommended by HCM for general 
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extended freeway segments on level terrains.  The capacity of the facility on I-55 was 
calculated to be nearly 1856 pcphpl and the average corresponding speed was nearly 39 
mph at the end of transition area.  The composition of traffic was 9.73 % of trucks in the 
peak hour.  More details on calibration is presented in the data collection chapter. 
3.2.6 Simulation Scenarios 
Different simulation scenarios were generated by varying the percentage of trucks and 
the level of demand in terms of the traffic volume approaching the work zone areas.  
Each simulation scenario was tested on both lane merge configurations in order to 
compare the operational performance of each.  The percentage of trucks varied from 
0% to 20% with an increment of 5%.  The demand flow rate was also controlled between 
500 and 2500 vph with an increment of 500 vph.  The variation in both demand levels 
and truck percentages generated a total of 25 scenarios.  Statistical analysis of data from 
a pilot study indicated that 10 simulation runs were sufficient to account for the random 
variation in driving behavior in each scenario.  The simulation time for each run was 
4800 sec and the warm up period was set to 1200 sec.  The 25 simulation scenarios 
were applied to both lane merge configurations.  The simulation results were collected 
using data collection points placed along the travel lanes into and out of the work zone 
area as depicted in Figure 12.  The data collected was used to determine two 




3.3 Operational and Safety Performance Measures  
This section explains which performance measures were selected for the analysis of 
operations and safety using simulation. 
3.3.1 Operational Performance Measures 
In order to measure the operational efficiency of both merge configurations, two 
performance measures were used: (1) total throughput (T) and (2) average delay time 
(D).  The total throughput of the work zone is defined as the equivalent number of 
passenger cars that cleared the work zone area in one hour of simulation.  All trucks 
were converted to passenger cars using a passenger car equivalent value of 1.5 for 
trucks as recommended by HCM 2000.  Higher values of throughput imply higher 
operational efficiency of the corresponding lane merge configuration.  The second 
performance measure is the average delay time per vehicle, which reflects the queuing 
time of vehicles at the work zone area.  Higher delay times indicate less operational 
efficiency under the same geometric and traffic characteristics.  A performance 
measure, number of lane changes (N) along the work zone area was considered to 
understand the main area of merge for JLM and CLM configuration. 
3.3.2 Safety Performance Measures 
In order to measure the safety efficiency of both merge configurations, four surrogate 
performance measures were used: (1) Uncomfortable deceleration (U), (2) Speed 
Variance (V), (3) Mean Deceleration (M), (4) Speed Differential (S). A deceleration is 
considered as uncomfortable if the rate of deceleration is more than 10 ft/s2(Nemeth 
and Rathi, 1985).  The probability of a rear end crash was considered as directly 
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proportional to the absolute number of uncomfortable decelerations.  The speed 
variance was the variance of speed calculated per area and is considered for the overall 
safety of vehicles in the work zone area.  Mean deceleration was considered as the 
average deceleration considering the normal distribution of decelerations at any data 
collection point. It was also an overall measure of number of crashes occurring in the 
work zone area. Speed differential was the difference in speed of two lanes in the 
advanced warning area and transition area.  A higher speed difference in the transition 

















CHAPTER 4 DATA COLLECTION 
This section shows the process of data collection for crash record analysis and traffic 
data collected using simulation. A process of calibration was done for the simulation 
model before traffic data was collected. 
4.1 Crash Data Collection 
Table 4 shows work zone and non work zone that occurred in 9 districts of Louisiana.  
This data collected from DOTD database for work zone areas on rural, urban interstates, 
highways and all the roadways.  It can be seen that a total of 586478 crashes occurred in 
Louisiana in the span of 2003-2007, out of which 9589 are the work zone related crashes 
and 576889 are the non work zone related. It can be seen that from the overall crashes, 
the average percentage of work zone related accidents all over Louisiana is 1.64 %.  
Considering the speed limits, volume and composition of vehicles traveling on rural 
interstate highways the average percentage of work zone related accidents could be 
higher than the overall percentage of work zone related accidents. 
Table 4: District-wise related work zone accidents (Source: Louisiana DOTD crash 
database) 
   
Districts of Louisiana Non Work Zone Work Zone Related % of work zone accidents 
District 61-Baton Rouge 110500 1048 0.94% 
District 62-Hammond 79757 1072 1.33% 
District 02-New Orleans 126506 2021 1.57% 
District 03-Lafayette 87994 938 1.05% 
District 04-Shreveport 59373 1641 2.69% 
District 05-Monroe 33673 765 2.22% 
District 07-Lake Charles 36736 1676 4.36% 
District 08-Alexandria 38108 326 0.85% 
District 58-Chase 4242 102 2.35% 
Total 576889 9589 1.64% 
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As the work zone definition of the crash occurring in a work zone given by DOTD was 
unclear, a separate definition was taken for the purpose of research.  A length work 
zone area is considered as the length of the project area along with a mile before and 
after to cover the crashes that occur in advanced warning area, transition area and 
termination area.  It can be seen from the Figure 13 how a work zone area was divided 
for crash data analysis.  According to this definition a random set of 53 projects with 
different time duration and length of work zones were considered from 73 projects to 
query for individual projects.  After the query the accidents were divided among 
advanced warning area, transition area, work area and termination area to understand 
the crash characteristics in the work zone area. Further information on crash data is 
shown in results and analysis chapter. 
 
 
Figure 13: showing each work zone area for crash data query 
4.2 Traffic Data from Simulation 
The traffic data was collected using simulation for all the scenarios after calibration 
process.  The calibration process was initialized with default values for CC0=4.94 ft and 
CC1=0.9 sec.  In order to calibrate both parameters, high level of demand was applied to 
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the simulated work zone areas in order to force capacity conditions.  Each parameter 
was incremented in small units of .1 while fixing the other parameter as constant.  The 
calibrated parameters of CC0 and CC1 were determined such that the difference 
between the observed capacity value from I-55 and the one observed from the 
simulation model was minimized.  The final calibrated values for CC0 and CC1 were 10.9 
ft and 0.9 sec, respectively.  These values should reflect, to some extent, the driving 
behavior of traffic at work zones in Louisiana, and therefore, were applied to both cases 
of CLM and JLM configurations. 
The process of calibration was done by an iterative procedure. A set of values for 
CC0 and CC1 was used to calculate the capacity and average speed values of the CLM 
and JLM configuration from the VISSIM model. The average speed was calculated in the 
activity area at the end of transition area for both CLM and JLM configurations. Table 5 
shows some of the set of values used and the capacity values calculated. The final set of 
values which matched the capacity and average speed value in the field is highlighted in 
Table 5. This set of values was further used in the simulation to replicate the driving 
behavior in Louisiana at work zones. 
After calibration raw data which comprised of speed, acceleration, volume, and 
delay time was collected at each data collection point in the work zone area. This data 
was collected at a data collection point when there was a presence of vehicle over it. 
This raw data along with software matlab were used to calculate the performance 
measures for all the cases. This data was used for analysis and more details are shown in 
the results and analysis section. 
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Table 5: Set of CC0 and CC1 values used in calibration 
    CLM JLM 
cc0 cc1 capacity average speed capacity 
average 
speed 
4.94 0.9 1796 38.83066667 1850.4 45.09 
7 1.2 1839.6 42.06133333 1940.4 50.23533333 
7 1.1 1906.2 42.836 2025.4 50.66666667 
11 1.2 1773.2 42.304 1879.8 51.02866667 
17.21 1.7 1526.8 40.23466667 1553 45.82266667 
19 3 1048.4 29.95933333 1044.6 41.95 
11 1.2 1745.4 34.494 1845.4 50.95466667 
17 1.7 1547.2 31.67466667 1552.4 45.894 
11 1.1 1800.8 35.144 1915 51.39133333 
11 1 1818.98 39.89731111 1919.92 52.23355556 
11 0.9 1845.4 40.41333333 1975.8 53.00466667 























CHAPTER 5 ANALYSIS AND RESULTS 
5.1 Crash Records Summary 
A summary of accident by area is shown in this section in the form of pie charts and 
statistical analysis. Pie charts are used to explain for the variation in the fraction of 
accidents in the respective areas. Further analysis of crash records are shown in 
subsections which are divided based on the area of the accident and type of accident.  
5.1.1 Crash Records by Area of Accident 
This section shows the crash records in the form of pie charts by the area of the 
accident. The following subsections explain how the fractions of crashes vary by area. 
5.1.1.1 Advanced Warning Area 
In the advanced warning area from Figure 14(a), it can be seen that rear end crashes, 
side swipe crashes and non collision crashes were the predominant type of crashes.  The 
rear end crashes were 53% and side swipe crashes were 14 %. The uncomfortable 
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decelerations and speed variance in the advanced warning area would be the reasons 
for rear end crashes.  The side swipe crashes occurred due to merging into an open lane 
caused by the speed differential.  So it can be said that the effect of uncomfortable 
decelerations was higher than the effect of speed differential.  Since all of them were 
conventional merge configurations, many merges occurred before transition area.  This 
is the explanation for side swipe crashes occurring in advanced warning area.  From the 
Figure 14 (b), it can be seen that the collision with vehicle, collision with fixed object, 
runoff road and non collision on road were the predominant type of crashes.  Since the 
vehicles were still in the advanced warning area the number of fixed object crashes was 
less and the number of run-off road was higher.  The most significant type of accidents 
was the collision with vehicle, which include both rear end and side swipe collisions.  As 
compared to transition area, work area and transition area the fraction of rear end 
crashes from the whole crashes was lesser than the non collision crashes.  
5.1.1.2 Transition Area 
From Figure 15 (a), in the transition area, the rear end crashes and the side wipe crashes 
increased to 59% and 15 %, respectively.  The fraction of non collision crashes decreased 
from advanced warning area to transition area indicating a reduction in safety.  It can 
also be observed that the fraction of side swipe crashes increased, suggesting more 
number of merges.  However, the increase in number of rear end crashes could be 
explained by a high speed variance and a higher number of uncomfortable decelerations 
as vehicles approach the work area. From the Figure 15 (b), there was an increase of 
10% in the number of collision with vehicles.  This includes the increase in the fraction of 
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rear end and side swipe crashes.  The increase in fraction of collision with vehicles and 
reduction of non collision cases indicated a reduction in safety from the advanced 
warning area.  The fraction of side swipe crashes of advanced warning area was lesser 
than the fraction of side swipe crashes of transition area and work area. 
 
5.1.1.3 Work Area 
Figure 16(a) of work area shows a high increase in the fraction of rear end crashes and a 
decrease in fraction of side swipe crashes and non collision crashes.  The side swipe 
crashes were basically more occurring at the beginning of the buffer area.  The rear end 
crashes occurred due to the difference in the vehicles accelerations, work zone activity, 
weather conditions and time of the day.  A very high increase in the fraction of rear end 
crashes indicated that most of the accidents could be involving one or more vehicles at a 
time.  This could be occurring more in the cases of two open lanes, which increased the 
probability of rear end crash because of lane changes. It could be due to the 
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unfamiliarity of motorists with the work zone area.  This could also have occurred due to 
increase in the number of restrictions in the work zone such as speed limits and sudden 
change of path.  From the Figure 16(b), it can be seen that the collision with vehicle was 
more predominant compared to the other types of accidents.  A low number of fixed 
object crashes were observed as compared to transition area since all the vehicles are 
moving in open lanes with less speed limits compared to the non work zones. 
 
5.1.1.4 Termination Area 
From Figure 17(a), it can be observed that the fraction of rear end crashes decreased 
and side swipe crashes increased in the termination area.  This was because the vehicles 
area moved into open lanes and accelerated at different rates because of increase in the 
speed limit by the end of the work zone area.  The speed differential could be a reason 
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for increase in the fraction of side swipe crashes in this area.  From the Figure 17(b), it 
can be observed that there was a high collision with vehicles rate.  This included both 
rear end and side swipe crashes.  The fraction of fixed object crashes increased as the 
vehicles moved from work area into transition area.  
 
5.1.2 Crash Records by the Type of Accident 
Since the general statistics of the crash records were summarized using pie charts, the 
next task was to conduct a one way ANOVA for a sample of 50 work zones.  This helped 
to find the relationship of crash records of four different areas that are considered in 
the previous section.  Since the individual crash records were already divided into a one 
of four areas, the normalized crash rate with respect to length, duration and ADT of an 
individual work zone were calculated according to the definition given in the 
methodology.  A summary contains overall normalized crash rate for individual work 
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zones occurring in the four areas is shown in Table 6.  This data was used to conduct 
ANOVA to find the order in which the work zone areas had crash rates.  The overall 
crash rate is further divided into fatality crash rate, injury crash rate, and PDO crash 
rate.  The next subsections show four types of crash rate analysis. ANOVA was also done 
for these three cases which is a subset of the overall crash rate to understand the crash 
severity in the four areas of work zones.  
 The hypothesis of the one way ANOVA for all types of crash rates is as follows: 
H0: R1=R2=R3=R4 
H1: At least two rates are not equal. 
5.1.2.1 Overall Crash Rate 
According to the one way ANOVA results from Table 7, since p-value is less than .0001, 
the null hypothesis is rejected. It can be concluded from the results that at least two of 
the overall crash rates in all the four zones were not equal.  The mean value of overall 
crash rate was approximately 307 crashes per million vehicle miles travelled in the work 
zone.  Table 8 shows tukey results of ANOVA which compares the overall crash rates of 
the four areas of work zones. It can be seen that the rows indicated by stars are the 
cases which have significant difference.  The advanced warning area had a significant 
difference in crash rate with transition area, work area and termination area.  At .05 
significance level it can be concluded that the overall crash rate was higher for advanced 
warning area compared to all other areas.  It also shows that there was no significant 















1 203.0641419 111.357755 131.0091 26.20182476 
2 121.1698494 0 0 25.96496774 
3 283.1017494 0 0 0 
4 263.8990801 98.962155 18.32633 65.97477 
5 77.75316066 38.8765803 21.33731 51.83544044 
6 737.6065354 27.3187606 64.43104 409.7814087 
7 1246.641516 23.521538 0 0 
8 191.847866 91.9271024 44.40923 51.95879702 
9 984.9057235 47.9378892 3.835031 71.90683378 
10 392.5252113 0 9.240236 0 
11 2039.733064 71.3193379 8.548551 7.131933792 
12 317.0749833 422.766644 499.0995 907.1867577 
13 1356.731182 52.8596564 3.348091 35.23977097 
14 652.6248703 302.764115 175.1692 440.6899897 
15 2121.937637 115.952876 13.97381 226.1081089 
16 2274.67221 244.9647 4.267678 262.4621781 
17 379.9077753 25.327185 9.431673 0 
18 695.1792566 63.1981142 8.826552 0 
19 2284.363677 60.1148336 2.918196 15.0287084 
20 4082.175214 318.919939 4.407407 0 
21 1949.18571 30.4560267 37.07194 91.36808016 
22 1365.150467 63.4953706 2.540628 0 
23 1731.709359 67.2508489 16.62978 201.7525466 
24 252.4941039 345.181813 139.0129 135.8354357 
25 5809.364956 1656.17861 11.54668 178.357696 
26 540.2136031 78.5765241 235.2591 44.1992948 
27 10.34457052 0 0 0 
28 544.6491058 38.9035076 3.214635 0 
29 523.6326506 87.2721084 0 0 
30 300.0136051 85.7181729 8.968212 42.85908644 
31 1060.192677 235.598373 0 0 
32 49.43549336 49.4354934 11.10411 24.71774668 
33 1279.828545 326.531598 368.7744 211.4785183 
34 0 1003.79937 728.5641 24.28546873 
35 1484.892361 378.850962 427.8622 245.3632069 
36 27.24195995 2.47654181 9.287032 57.57959713 
37 529.625706 1081.45129 113.5031 891.1666068 
38 332.3003317 241.672968 65.31702 407.8231344 
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Table 6: continued 
39 285.2685094 47.5447516 13.19222 136.6911607 
40 0 0 3.313777 36.28586288 
41 135.3441569 33.8360392 1.842922 16.91801962 
42 394.233546 26.2822364 4.280495 13.1411182 
43 213.9782294 251.739093 382.3885 251.7390934 
44 262.6661833 250.726811 1105.497 173.1208936 
45 0 94.7104049 473.552 47.35520242 
46 1035.291357 0 0 0 
47 243.6259458 0 2.861071 15.22662162 
48 305.3886074 0 9.987853 25.44905062 
49 0 0 0 0 
50 217.4540512 31.0648645 0 77.66216115 
Table 7: ANOVA results for Overall crash rate 
Source DF 
Sum of 
Squares Mean Square F Value Pr > F 
Model 3 18504434.74 6168144.91 18.09 <.0001 
Error 196 66818967.91 340913.10   
Corrected Total 199 85323402.65    
 
R-Square Coeff Var Root MSE crashrate Mean 
0.216874 190.3020 583.8776 306.8164 
 
Source DF Type I SS Mean Square F Value Pr > F 
area 3 18504434.74 6168144.91 18.09 <.0001 
 
  
5.1.2.2 Fatality Crash Rate 
For the case of fatality crash rate Table 9 shows a summary of ANOVA results between 
the four areas.  Since p-value was less than .0001, the null hypothesis was rejected.  It 
can be concluded from the results that at least two fatality crash rates of all the four 
zones were not equal.  The mean value of fatality crash rate was approximately 2.1 




Table 8: Tukey results of overall crash rates  for four work zone areas 
Alpha 0.05 
Error Degrees of Freedom 196 
Error Mean Square 340913.1 
Critical Value of Studentized Range 3.66452 
Minimum Significant Difference 302.59 
 










1 – 2 659.3 356.7 961.9 *** 
1 – 4 712.9 410.3 1015.4 *** 
1 – 3 727.8 425.3 1030.4 *** 
2 – 1 -659.3 -961.9 -356.7 *** 
2 – 4 53.6 -249.0 356.2  
2 – 3 68.6 -234.0 371.2  
4 – 1 -712.9 -1015.4 -410.3 *** 
4 – 2 -53.6 -356.2 249.0  
4 – 3 15.0 -287.6 317.6  
3 – 1 -727.8 -1030.4 -425.3 *** 
3 – 2 -68.6 -371.2 234.0  
3 – 4 -15.0 -317.6 287.6  
 
 
Table 9: One way ANOVA results of fatality crash rates 
Source DF 
Sum of 
Squares Mean Square F Value Pr > F 
Model 3 1027.18822 342.39607 7.16 0.0001 
Error 196 9368.64713 47.79922   
Corrected Total 199 10395.83534    
 
R-Square Coeff Var Root MSE crashrate Mean 
0.098808 326.9138 6.913698 2.114839 
 
c DF Type I SS Mean Square F Value Pr > F 






5.1.2.3 Injury Crash Rate 
For the case of injury crash rate Table 11 shows a summary of ANOVA results between 
the four areas. Since p-value was less than .0001, null hypothesis was rejected.  It can be 
concluded from the results that at least two injury crash rates in all the four zones were 
not equal.  The mean value of injury crash rate was approximately 93 crashes per million 
vehicle miles travelled in the work zone.   
Table 12 shows tukey results of ANOVA which compared injury crash rates of the four 
areas of work zones. It can be seen that the rows indicated by stars were the cases 
which had significant difference. The advanced warning area had significant difference 
with transition area, work area and termination area.  At significance level of 0.05, it can 
be concluded that the injury crash rate was higher for advanced warning area compared 
to all other areas.  It also showed that there was no significant difference between the 
injury crash rate of transition area, work area and termination area. 
 
Table 10 shows tukey results of ANOVA which compares fatality crash rates of the four 
areas of work zones. It can be seen that the rows indicated by stars were the cases 
which has significant difference.  The advanced warning area had significant difference 
with transition area, work area and termination area.  At significance level of 0.05, it can 
be concluded that the fatality crash rate was higher for advanced warning area 
compared to all other areas. It also showed that there was no significant difference 
between the fatality crash rate of transition area, work area and termination area. 
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5.1.2.3 Injury Crash Rate 
For the case of injury crash rate Table 11 shows a summary of ANOVA results between 
the four areas. Since p-value was less than .0001, null hypothesis was rejected.  It can be 
concluded from the results that at least two injury crash rates in all the four zones were 
not equal.  The mean value of injury crash rate was approximately 93 crashes per million 
vehicle miles travelled in the work zone.   
Table 12 shows tukey results of ANOVA which compared injury crash rates of the four 
areas of work zones. It can be seen that the rows indicated by stars were the cases 
which had significant difference. The advanced warning area had significant difference 
with transition area, work area and termination area.  At significance level of 0.05, it can 
be concluded that the injury crash rate was higher for advanced warning area compared 
to all other areas.  It also showed that there was no significant difference between the 




Table 10: Tukey results of fatality crash rates  for four work zone areas 
Alpha 0.05 
Error Degrees of Freedom 196 
Error Mean Square 47.79922 
Critical Value of Studentized Range 3.66452 
Minimum Significant Difference 3.583 
 
Comparisons significant at the 0.05 level are 









1 – 4 5.136 1.553 8.719 *** 
1 – 2 5.146 1.563 8.729 *** 
1 – 3 5.402 1.819 8.985 *** 
4 – 1 -5.136 -8.719 -1.553 *** 
4 – 2 0.009 -3.574 3.592  
4 – 3 0.266 -3.317 3.849  
2 – 1 -5.146 -8.729 -1.563 *** 
2 – 4 -0.009 -3.592 3.574  
2 – 3 0.256 -3.327 3.839  
3 – 1 -5.402 -8.985 -1.819 *** 
3 – 4 -0.266 -3.849 3.317  
3 – 2 -0.256 -3.839 3.327  
 
Table 11: One way ANOVA results of injury crash rates 
Source DF 
Sum of 
Squares Mean Square F Value Pr > F 
Model 3 2001195.016 667065.005 23.68 <.0001 
Error 196 5521233.939 28169.561   
Corrected Total 199 7522428.954    
 
R-Square Coeff Var Root MSE crashrate Mean 
0.266030 180.8307 167.8379 92.81496 
 
Source DF Type I SS Mean Square F Value Pr > F 
area 3 2001195.016 667065.005 23.68 <.0001 
 
5.1.2.4 PDO Crash Rate 
For the case of PDO crash rate Table 13 shows a summary of ANOVA results between 
the four areas following the hypothesis.  Since p-value was less than .0001, the null 
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hypothesis was rejected.  It can be concluded from the results that at least two PDO 
crash rates in all the four zones were not equal.  The mean value of PDO crash rate was 
approximately 212 crashes per million vehicle miles travelled in the work zone.   
Table 12: Tukey results of injury crash rates  for four work zone areas 
Alpha 0.05 
Error Degrees of Freedom 196 
Error Mean Square 28169.56 
Critical Value of Studentized Range 3.66452 
Minimum Significant Difference 86.981 
 
Comparisons significant at the 0.05 level are 









1 – 2 222.26 135.28 309.24 *** 
1 – 4 233.30 146.32 320.28 *** 
1 – 3 236.50 149.52 323.48 *** 
2 – 1 -222.26 -309.24 -135.28 *** 
2 – 4 11.04 -75.94 98.02  
2 – 3 14.24 -72.75 101.22  
4 – 1 -233.30 -320.28 -146.32 *** 
4 – 2 -11.04 -98.02 75.94  
4 – 3 3.20 -83.78 90.18  
3 – 1 -236.50 -323.48 -149.52 *** 
3 – 2 -14.24 -101.22 72.75  
3 – 4 -3.20 -90.18 83.78  
 
Table 13: One way ANOVA results of PDO crash rates 
Source DF 
Sum of 
Squares Mean Square F Value Pr > F 
Model 3 8157352.67 2719117.56 15.14 <.0001 
Error 196 35202658.53 179605.40   
Corrected Total 199 43360011.20    
 
R-Square Coeff Var Root MSE crashrate Mean 
0.188131 200.0121 423.7988 211.8866 
 
Table 14 shows tukey results of ANOVA which compared PDO crash rates of the four 
areas of work zones.  It can be seen that the rows indicated by stars were the cases 
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which has significant difference.  Advanced warning area had significant difference with 
transition area, work area and termination area.  At significance level of 0.05, it can be 
concluded that the PDO crash rate was higher for advanced warning area compared to 
all other areas.  It also shows that there was no significant difference between the PDO 
crash rate of transition area, work area and termination area. 
Table 14: Tukey results of PDO crash rates  for four work zone areas 
Source DF Type I SS Mean Square F Value Pr > F 
area 3 8157352.666 2719117.555 15.14 <.0001 
 
Alpha 0.05 
Error Degrees of Freedom 196 
Error Mean Square 179605.4 
Critical Value of Studentized Range 3.66452 
Minimum Significant Difference 219.63 
 
Comparisons significant at the 0.05 level are 









1 – 2 431.86 212.23 651.49 *** 
1 – 4 474.41 254.78 694.04 *** 
1 – 3 485.95 266.32 705.58 *** 
2 – 1 -431.86 -651.49 -212.23 *** 
2 – 4 42.55 -177.08 262.18  
2 – 3 54.08 -165.55 273.71  
4 – 1 -474.41 -694.04 -254.78 *** 
4 – 2 -42.55 -262.18 177.08  
4 – 3 11.53 -208.10 231.16  
3 – 1 -485.95 -705.58 -266.32 *** 
3 – 2 -54.08 -273.71 165.55  
3 – 4 -11.53 -231.16 208.10  
 
5.1.3 Summary 
Table 15 shows the overall, fatality, injury and PDO crash rates for four areas of work 
zones. It was observed that fatality crash rate is the lowest among injury and PDO crash 
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rates.  It can also be observed that crash rate in advanced warning area was higher than 
the crash rate of transition area, work area and termination area.  This observation was 
true for overall, fatality, injury and PDO crash rates as well.  It can also be observed that 
for advanced warning area, transition area, work area and termination area PDO crash 
rates were highest and fatal crash rates were the lowest.  
Table 15: Summary for four areas divided into fatal, injury, PDO and overall crash rates 
(crashes per 100 million vehicle miles) 
area/crashrate overall fatal injury PDO 
advanced warning area 831.80881 6.0357708 265.83011 559.94292 
transition area 172.53686 0.8902202 43.568072 128.07857 
work area 103.96302 0.6338088 29.33281 73.996402 
termination area 118.95694 0.8995543 32.52883 85.528557 
5.2 Evaluation of Operational Performance 
This section shows the statistical analysis done using the performance measures to draw 
conclusions. In order to compare the operational performance of the two lane merge 
configurations, a t-test was conducted on two performance measures obtained from 
each simulation scenario.  The null and alternative hypotheses for the t-test are as 
follows: 
 Total Throughput (T) 
 
Null hypothesis (H0): The mean throughput for both lane merge configurations is not 
statistically different, i.e. 𝑇𝐶𝐿𝑀 = 𝑇𝐽𝐿𝑀 . 






 Average Delay Time (D) 
Null hypothesis (H0): The mean average delay time for both lane merge configurations is 
not statistically different, i.e. 𝐷𝐶𝐿𝑀 = 𝐷𝐽𝐿𝑀 . 
Alternative hypothesis (H1): The average delay time of JLM is less than CLM, i.e. 
𝐷𝐽𝐿𝑀 < 𝐷𝐶𝐿𝑀. 
5.2.1 T-test Results of Throughput and Average Delay Time 
 
Table 16 summarizes the simulation results for all 25 scenarios.  The p-values for the 
difference in the mean of throughput and average delay time were calculated for all 
cases and checked against the value of 0.05 for 95% level of confidence.  Cases with a p-
value less than 0.05 indicate that the alternative hypothesis is not rejected. This means 
that throughput of JLM configuration is significantly higher than throughput of CLM 
configuration. Similarly, average delay time of JLM configuration is significantly lesser 
than average delay time of CLM configuration. As expected, for low to moderate levels 
of demand (500 and 1000 vph), where flow rate is well below capacity, the throughput 
observed in both lane merge configurations was almost the same and equal to the input 
demand volume since no queuing conditions developed.  The T-test results clearly 
confirm such observation with the high value of p.  As the demand level reaches 1500 
vph, significant differences in the average delay time were detected due possibly to the 
development of light queuing conditions as demand draws near capacity.  However, at 
this demand level, no significant difference in the total throughput value was detected.  
For demand volumes of 2000 and 2500 vph, however, differences in the 
throughput values between the two lane merge configurations were statistically 
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significant, as indicated by the low values of p (≤0.05).  The same significant differences 
were also detected in the average delay time.  Since both demand levels exceeded the 
capacity of the work zone area, queuing conditions developed, causing an increase in 
the average delay time.  The observed throughput and average delay time, however, 
show that the capacity of the JLM configuration was higher than that of the CLM 
configuration.  This is because the mean throughput value for JLM was statistically 
higher than that for CLM.  In all simulation scenarios for demand volumes of 2000 and 
2500 vph, the mean throughput for JLM generally exceeded 1900 pcph.  For CLM, 
however, the maximum throughput observed was nearly 1850 pcph.  Since the 
differences in throughput values and average delay times were statistically significant, it 
can be concluded that the work zone capacity for JLM was statistically higher than that 
for CLM. 
5.2.2 Effect of Truck Percentage on Throughput and Average Delay Time 
The effect of truck percentage at work zone areas is discussed in this section. The 
following subsections describe the effect of percentage of trucks as a factor affecting 
throughput and average delay time. Percentage increase in throughput and percent 
reduction in average delay time are two performance measures with which truck 
percentage is compared to understand its main effects. 
5.2.2.1 Effect of Trucks on Work Zone Throughput 
Table 16 also shows the effect of trucks on the work zone throughput for both lane 
merge configurations.  This effect is not perceived until the demand level reaches and 
exceeds the work zone capacity (i.e. demand levels of 2000 and 2500 vph).  Under such 
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high demand levels, the results show that the work zone throughput tends to decrease 
slightly as the percentage of trucks increases from 0% to 20% for JLM configuration.  
This trend, however, is reversed for the CLM configuration, which shows tendency for 
the throughput to increase slightly as the percentage of trucks increases. This could be 
because of the larger queue lengths in JLM configuration, which allows a truck to merge 
early than usual. Since for JLM configuration, the trucks in both the lanes have to merge 
into a single lane, it would not matter even if the trucks change lanes. 




∗ 100, appears to decrease as the percentage of trucks increases.  
For 0% of trucks, the throughput of JLM work zone is nearly 12% higher than that of 
CLM work zone.  This percentage decreases to nearly 3% as the percentage of trucks 
increases to 20%.  This observation is interesting and suggests that trucks merge more 
efficiently in CLM work zones than they do in JLM work zones. This could be because of 
early merging behavior of trucks. As such, JLM configurations may be more suitable for 
sites with low percentage of trucks.  As the percentage of trucks increases, the added 
operational efficiency of JLM over CLM seems to become marginal. 
5.2.2.2 Effect of Trucks on Work Zone Average Delay Time 




∗ 100, for JLM with respect to CLM under heavy demand levels.  
The figure shows that the percent reduction in average delay time decreases as the 
truck percentage increases.  This also suggests that JLM configuration is more effective 
for conditions with low percentage of trucks. 
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Mean Throughput (pcph) Average Delay Time (sec) 
CLM JLM p-value CLM JLM p-value 
0% 
500 vph 
500 496 499 0.6606 0.1 0.05 0.18 
5% 513 509 511 0.6639 0.15 0.06 0.1603 
10% 525 520 523 0.6379 0.1 0.04 0.3496 
15% 538 533 536 0.665 0.11 0.02 0.1495 
20% 550 545 549 0.5906 0.17 0.04 0.1157 
0% 
1000 vph 
1000 1001 1002 0.8263 0.28 0.14 0.3947 
5% 1025 1027 1027 0.9922 0.38 0.25 0.4327 
10% 1050 1048 1049 0.954 0.59 0.19 0.0511 
15% 1075 1075 1076 0.9272 0.66 0.27 0.0971 
20% 1100 1103 1103 0.9712 0.47 0.26 0.1723 
0% 
1500 vph 
1500 1504 1511 0.7022 2.83 0.38 0.0254 
5% 1538 1545 1549 0.7984 2.77 0.42 0.0081 
10% 1575 1578 1582 0.8497 4.66 0.68 0.02 
15% 1613 1621 1625 0.8285 3.68 0.47 0.0005 
20% 1650 1659 1666 0.6885 3.75 0.7 0.0004 
0% 
2000 vph 
2000 1782 1995 <.0001 177.26 9.17 <.0001 
5% 2050 1795 1948 <.0001 225.98 68.11 <.0001 
10% 2100 1820 1925 <.0001 212.37 100.49 <.0001 
15% 2150 1841 1912 <.0001 240.64 158.82 <.0001 
20% 2200 1847 1914 <.0001 270.3 189.94 <.0001 
0% 
2500 vph 
2500 1783 2008 <.0001 434.42 281.94 <.0001 
5% 2563 1800 1913 <.0001 422.52 349.34 <.0001 
10% 2625 1828 1925 <.0001 424.74 339.67 <.0001 
15% 2688 1842 1913 <.0001 422.52 349.34 <.0001 
20% 2750 1856 1909 <.0001 420.14 355.22 <.0001 
The percent reduction, however, decreases when the demand level increases from 2000 
to 2500 vph regardless of the percentage of trucks.  This is because of the large increase 
in average delay time 𝐷𝐶𝐿𝑀  when demand well exceeds capacity.  In such cases, even if 




Figure 18: Effect of Trucks on Work Zone Throughput for CLM and JLM Configurations 
 
 
Figure 19: Effect of Trucks on Work Zone Average Delay Time for CLM and JLM 
Configurations 
5.2.3 Lane Changing Activity 
Table 17 shows a summary of percentage of lane changes for both JLM and CLM 
configurations.  The term “early” refers to the lane changes that occurred in advanced 
warning area.  The term “late” refers to the lane changes that occurred in the transition 
area.  For JLM configuration it can be observed that as the volume increased from 500 













































































changes increased.  It can also be observed that as the percentage of trucks increased 
across the table the percentage of early lane changes increased from a minimum of 1.62 
to a maximum of 19.26. This was because trucks prefer to change lanes in the advanced 
warning area.  This lane changing virtually affected the operational and safety efficiency 
of the JLM configuration as the vehicles merged into a single lane at the end of 
transition area.  This could be the reason for more number of uncomfortable 
decelerations as the percentage of trucks and volume increased.  For the CLM 
configuration it can be seen that the percentage of early lane changes reduced from a 
maximum of 69.61 to a minimum of 4.75 as the volume increased from 500 to 2500.  
This could be because of large queues which in turn reduced the average speed and 
conventional merge acted as a late merge. As the percentage of trucks increased from 
zero to 20, the percentage of early merge also increased.  This could be because of the 
trucks trying to merge into the open lane for larger area of merging.   
Table 17: Percentage of lane changes of lane changes 
 
  0% 5% 10% 15% 20% 
JLM Early late early late early late early late early late 
500 2.24% 97.76% 6.78% 93.22% 10.70% 89.30% 15.56% 84.44% 19.26% 80.74% 
1000 2.43% 97.57% 6.18% 93.82% 9.57% 90.43% 14.14% 85.86% 17.82% 82.18% 
1500 2.20% 97.80% 4.96% 95.04% 8.08% 91.92% 12.47% 87.53% 15.74% 84.26% 
2000 4.63% 95.37% 6.17% 93.83% 7.94% 92.06% 9.01% 90.99% 11.65% 88.35% 
2500 1.62% 98.38% 9.12% 90.88% 6.04% 93.96% 9.12% 90.88% 11.82% 88.18% 
  0% 5% 10% 15% 20% 
CLM Early late early late early late early late early late 
500 67.29% 32.71% 67.96% 32.04% 68.54% 31.46% 69.06% 30.94% 69.61% 30.39% 
1000 55.60% 44.40% 55.24% 44.76% 55.17% 44.83% 56.02% 43.98% 57.01% 42.99% 
1500 39.88% 60.12% 38.83% 61.17% 33.44% 66.56% 33.00% 67.00% 33.14% 66.86% 
2000 6.06% 93.94% 9.69% 90.31% 12.96% 87.04% 17.34% 82.66% 20.41% 79.59% 
2500 4.75% 95.25% 16.19% 83.81% 11.91% 88.09% 16.19% 83.81% 20.56% 79.44% 
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As a whole the joint merge served its purpose by reducing the number of lane merges 
that occurred in the advanced warning area and act like a late merge system. The JLM 
configuration also gave equal right of merging in the transition area. 
5.3 Safety Assessment Results 
This section shows the statistical analysis done using the safety performance measures 
to draw conclusions. In order to compare the safety performance of the two lane merge 
configurations, a t-test was conducted on three performance measures obtained from 
each simulation scenario.   
5.3.1 Uncomfortable Decelerations 
 Table 18 shows a summary of uncomfortable decelerations for 25 cases and five areas 
of work zones.  For the case of advanced warning area, the number of uncomfortable 
decelerations increased with increase in volume for JLM and CLM configurations.  
However it can be observed that for all the cases the number of uncomfortable 
decelerations was higher for JLM configuration as compared to CLM configuration.  It 
can be observed that the number of uncomfortable decelerations increased as the 
percentage of trucks decreased from 20 to 5 percent and a sudden drop was observed.  
For the transition area as the volume increased the uncomfortable decelerations also 
increased.  It can be observed that from a volume of 500 to 1500 the number of 
uncomfortable decelerations for JLM configuration was less compared to CLM 
configuration.   
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area buffer area 
0% 
500 
Joint 1 2 0 
conventional 0 3 3 
1000 
Joint 5 16 0 
conventional 0 15 19 
1500 
Joint 11 53 1 
conventional 1 85 63 
2000 
Joint 185 255 1 
conventional 349 40 13 
2500 
Joint 373 147 0 
conventional 258 40 13 
5% 
500 
Joint 1.1 2.1 0.1 
conventional 0 4.8 3.8 
1000 
Joint 5.3 16.7 0.3 
conventional 0 21.8 17.9 
1500 
Joint 11.4 71 1.2 
conventional 1.7 125.7 66.4 
2000 
Joint 528.2 163.3 0 
conventional 331 60.6 20.1 
2500 
Joint 284 131 0 
conventional 272 81 23 
10% 
500 
Joint 2 2 0 
conventional 0 6 4 
1000 
Joint 5 19 0 
conventional 0 34 21 
1500 
Joint 13 75 1 
conventional 3 139 62 
2000 
Joint 416 145 0 
conventional 326 74 23 
2500 
Joint 311 140 0 
conventional 279 72 25 
15% 
500 
Joint 2 3 0 
conventional 0 7 3 
1000 
Joint 6 21 0 
conventional 0 41 22 
1500 
Joint 13 87 1 
conventional 2 167 62 
2000 
Joint 390 129 0 





Joint 284 131 0 
conventional 272 81 23 
20% 
500 
Joint 2 5 0 
conventional 0 9 4 
1000 
Joint 6 22 0 
conventional 0 46 20 
1500 
Joint 14 96 1 
conventional 3 182 55 
2000 
Joint 346 130 0 
conventional 302 83 27 
2500 
Joint 282 131 0 
conventional 271 84 26 
For the cases with volume of 2000 and 2500 the number of uncomfortable 
decelerations for JLM configuration was higher than CLM configuration. A similar case 
was seen across all the truck percentages.  For the buffer area, irrespective of the case, 
it can be observed that the number of decelerations for JLM configuration was less than 
that for the CLM configuration. For work area and termination area there were no 
uncomfortable decelerations.  In simulation, this could be explained due to the fact that 
vehicles were in a single lane in work area and it was easy for vehicles to choose a lane 
in the termination area.  
Figure 20 represents the absolute number of uncomfortable decelerations in all 
the five different areas.  From the graph it can be observed that at 20% trucks and 2000 
vph the number of uncomfortable decelerations was higher for the case of JLM 
configuration as compared to CLM configuration for advanced warning area and 
transition area.  At buffer area the number of uncomfortable decelerations was higher 
for the case of CLM configuration as compared to JLM configuration.  This indicates that 
the probability of rear end crashes was higher for the case of advanced warning area 
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and transition area and lower for the case of buffer area.  The work area and 
termination area has almost zero uncomfortable decelerations.  For this reason the t-
tests were done only for the uncomfortable decelerations in advanced warning area, 
transition area and buffer area.  
 
Figure 20: Uncomfortable decelerations of five areas for JLM and CLM configurations for 
the case of 20% trucks and 2000 vph 
 
These results of uncomfortable decelerations were tested for significance and the t-test 
results are presented in the next subsections as effect of volume and truck percentage 
on uncomfortable decelerations. The null and alternative hypotheses for the t-test of 
uncomfortable decelerations are as follows: 
 Uncomfortable Deceleration (U) 
 
Null hypothesis (H0): The number of uncomfortable decelerations for JLM configuration 
is either higher or equal to CLM configuration, i.e. 𝑈𝐽𝐿𝑀 ≥ 𝑈𝐶𝐿𝑀. 
Alternative hypothesis (H1): The number of uncomfortable decelerations for JLM 








































5.3.1.1 Effect of Volume on Uncomfortable Decelerations 
From the t-test results it can be seen from Table 19 that increase in volume had no 
significant effect on the number of uncomfortable decelerations in the advanced 
warning area.  The uncomfortable decelerations of JLM configuration were either 
greater or equal to the uncomfortable decelerations of CLM configuration.  In transition 
area except for few cases the uncomfortable deceleration were either greater of equal 
to that of CLM configuration.  In the buffer area except for the case of volume 500 the 
number of uncomfortable decelerations of JLM configuration was less compared to that 
of CLM configuration.  
5.3.1.2 Effect of Percentage of Trucks on Uncomfortable Decelerations 
From the t-test results, it can be seen from Table 19 that increase in percentage of 
trucks had no significant effect on the number of uncomfortable decelerations in the 
advanced warning area.  As the percentage of trucks increased from 0 to 20, the number 
of cases for which uncomfortable decelerations in the transition area of JLM 
configuration was lower than that of CLM configuration, increased.  This implied that 
there were more cases in which the safety was higher for JLM than CLM configuration.  
This also implied that trucks had a positive effect on safety for JLM configuration as 
compared to CLM configuration.  For buffer area as the percentage of trucks increased 
there was no effect on safety of JLM configuration as compared to CLM configuration.  
For all the cases the JLM configuration had either less or equal number of 
uncomfortable decelerations as compared to CLM configuration. 
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Table 19: T-test results of uncomfortable decelerations of JLM vs CLM configurations 
ttest-uncomfortable 
decelerations JLM vs CLM 






0% 500 0.362 0.123 0.063 
  1000 0.999 0.065 <.0001 
  1500 0.999 0.043 <.0001 
  2000 0.999 0.999 <.0001 
  2500 0.999 0.999 <.0001 
5% 500 0.124 0.086 0.064 
  1000 0.999 0.078 <.0001 
  1500 0.999 0.035 <.0001 
  2000 0.999 0.999 <.0001 
  2500 0.999 0.999 <.0001 
10% 500 0.124 0.046 0.057 
  1000 0.999 0.075 <.0001 
  1500 0.999 <.0001 <.0001 
  2000 0.999 0.999 <.0001 
  2500 0.999 0.999 <.0001 
15% 500 0.136 0.256 0.065 
  1000 0.999 <.0001 <.0001 
  1500 0.999 <.0001 <.0001 
  2000 0.999 0.999 <.0001 
  2500 0.999 0.999 <.0001 
20% 500 0.231 <.0001 <.0001 
  1000 0.999 <.0001 <.0001 
  1500 0.999 <.0001 <.0001 
  2000 0.999 0.999 <.0001 
  2500 0.652 0.999 <.0001 
 
5.3.2 Speed Variance 
Figure 21 represents the speed variance in five work zone areas.  From Figure 21, it can 
be observed that at 20% trucks and 2000 vph the speed variance was higher for the case 
of JLM configuration as compared to CLM configuration for advanced warning area, 
transition area, buffer area, work area and termination area.  From Figure 22, it can be 
observed that at 20% trucks and 500 vph the speed variance was observed to be lower 
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for the case of JLM configuration as compared to CLM configuration for advanced 
warning area, transition area, buffer area, work area and termination area.  Since speed 
variance indicated the probability of overall safety, JLM configuration has higher overall 
safety as compared to CLM configuration at lower volumes of 500 to 1500 vph and vice 
versa in the case of volumes higher than capacity.  Since the speed variance in the work 
area and termination area represented an increase in speed, t-tests were only 
conducted for speed variance in advanced warning area, transition area and buffer area.  
 
Figure 21: Speed variance of five areas for JLM and CLM configurations for the case of 
20% trucks and 2000 volume 
 
 
Figure 22: Speed variance of five areas for JLM and CLM configurations for the case of 






































These results (APPENDIX C) of speed variance were tested for significance and the t-test 
results are presented in the next subsections as effect of volume and truck percentage 
on uncomfortable decelerations. The null and alternative hypotheses for the t-test of 
speed variance are as follows: 
 Speed Variance (V) 
 
Null hypothesis (H0): The speed variance of JLM configuration is either higher or equal to 
CLM configuration, i.e. 𝑉𝐽𝐿𝑀 ≥ 𝑉𝐶𝐿𝑀. 
Alternative hypothesis (H1): The speed variance of JLM configuration is less than CLM 
configuration, i.e. 𝑉𝐽𝐿𝑀 < 𝑉𝐶𝐿𝑀 
5.3.2.1 Effect of Volume on Speed Variance 
From the t-test results it can be seen from Table 20 that increase in volume had no 
significant effect on the speed variance in the advanced warning area.  The speed 
variance of JLM configuration was either greater or equal to the speed variance of CLM 
configuration.  In transition area and buffer area except for few cases the speed 
variance was less than that of CLM configuration.  It can be seen that at higher volumes 
of 2000 and 2500 vph, the speed variance in transition area and buffer area was higher 
for JLM configuration as compared to CLM configuration.  This implied that the overall 
safety for JLM configuration is less than that of CLM configuration as the volume 
increases after 1500 vph.  
5.3.2.2 Effect of percentage of trucks on Speed Variance 
From the t-test results, it can be seen from Table 20 that the increase in percentage of 
trucks had no particular effect on the speed variance in the transition area and buffer 
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area.  As the percentage of trucks increased from 0 to 20 % the number of cases for 
which speed variance in the advanced warning area of JLM configuration was lower than 
that of CLM configuration increased.  This implied that there are more cases in which 
the safety is higher for JLM than CLM configuration.  
The results implied that trucks had a positive effect on safety for JLM 
configuration as compared to CLM configuration.  From the results, it can be concluded 
that at all the truck percentages and volumes less than 2000 vph, the JLM configuration 
was safer compared to CLM configuration. In other cases safety was less than or equal 
to CLM configuration. 
5.3.3 Mean Deceleration 
Mean deceleration refers to the average value of deceleration value of all the vehicles in 
a particular work zone area during the simulation time. These results (APPENDIX D) of 
mean deceleration were tested for significance and the t-test results are presented in 
the next subsections as effect of volume and truck percentage on uncomfortable 
decelerations. The null and alternative hypotheses for the t-test of mean deceleration 
are as follows: 
Mean Deceleration (M) 
 
Null hypothesis (H0): The mean deceleration of JLM configuration is either higher or 
equal to CLM configuration, i.e. 𝑀𝐽𝐿𝑀 ≥ 𝑀𝐶𝐿𝑀. 
Alternative hypothesis (H1): The mean deceleration of JLM configuration is less than 
CLM configuration, i.e. 𝑀𝐽𝐿𝑀 < 𝑀𝐶𝐿𝑀  
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Table 20: T-test results of speed variance of JLM vs CLM configurations 
ttest speed variance 
joint vs conventional advanced warning area transition area 
buffer 
area 
0% 500 <.0001 <.0001 <.0001 
  1000 0.1211 <.0001 <.0001 
  1500 1.356 <.0001 <.0001 
  2000 <.0001 0.999 0.9999 
  2500 0.999 0.999 0.9964 
5% 500 0.07 <.0001 <.0001 
  1000 0.1108 <.0001 <.0001 
  1500 0.3562 <.0001 <.0001 
  2000 0.999 0.999 0.999 
  2500 0.2311 0.999 1.564 
10% 500 0.08 <.0001 <.0001 
  1000 0.1387 <.0001 <.0001 
  1500 0.158 <.0001 <.0001 
  2000 0.999 0.999 0.999 
  2500 0.895 0.999 0.999 
15% 500 0.078 <.0001 <.0001 
  1000 0.134 <.0001 <.0001 
  1500 0.999 <.0001 <.0001 
  2000 0.542 0.999 0.231 
  2500 0.243 0.999 0.341 
20% 500 0.084 <.0001 <.0001 
  1000 0.146 <.0001 <.0001 
  1500 0.876 <.0001 <.0001 
  2000 0.852 0.999 0.999 
  2500 <.0001 0.999 0.999 
5.3.3.1 Effect of Volume on Mean Deceleration (M) 
From the t-test results it can be seen from Table 21 that the increase in volume had no 
significant effect on the mean deceleration in the advanced warning area, transition 
area and buffer area.  The mean deceleration values of JLM configuration of all areas 
were significantly lesser than that of CLM configuration in the cases of volumes less than 
2000 vph.  In advanced warning area, transition area and buffer area except for few 
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cases the mean deceleration values were significantly greater than or equal to that of 
CLM configuration for higher volumes of 2000 and 2500 vph.  This implied that the 
overall safety is reduced as the volume exceeds 1500 vph.  For the case of volume of 
2500 vph, it was observed that the mean deceleration values were less for JLM 
compared to CLM configuration.  The reason for this could be because of the large size 
of queues which reduced the mean deceleration values for both configurations in the 
advanced warning area.   
5.3.3.2 Effect of Percentage of Trucks on Mean Deceleration (M) 
From the t-test results, it can be observed from Table 21 that the increase in percentage 
of trucks had no significant effect on the mean deceleration in the advanced warning 
area, transition area and buffer area of both JLM and CLM configurations.  This implied 
that percentage of trucks had no effect on the mean deceleration of the vehicles in all 
areas for both configurations.  
5.3.4 Speed Differential in Lanes 
Since side swipe crashes were the second predominant type of crashes according to the 
summary of crash records at work zones in Louisiana, it was studied in this section.  This 
type of crash mostly occurred due to the speed differential in the open lane and closed 
lane. For this study speed differential between the right lane and left lane was 
considered for both configurations to study the probability of occurring sideswipe 
crashes.  Speed differential is actually the ratio of average speed in the right lane to the 
left lane. A lower speed differential would suggest less probability of side swipe crashes 
occurring in that area.  Speed differentials from data collection points along the work 
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zone area gives a clear understanding of the probable occurrence of sideswipe crashes.  
Table 22 and Figure 23 (a-e) for different cases shows the variation of speed differential  
in the work zone area. 
Table 21: T-test results of mean deceleration of JLM vs CLM configurations 
 
ttest mean 
deceleration joint vs 
conventional advanced warning area transition area buffer area 
0% 500 <.0001 <.0001 <.0001 
  1000 <.0001 <.0001 <.0001 
  1500 <.0001 <.0001 <.0001 
  2000 <.0001 0.9784 0.1654 
  2500 0.1793 0.999 0.999 
5% 500 <.0001 <.0001 <.0001 
  1000 <.0001 <.0001 <.0001 
  1500 <.0001 <.0001 <.0001 
  2000 0.958 0.9858 1.976 
  2500 <.0001 0.9846 0.1857 
10% 500 <.0001 <.0001 <.0001 
  1000 <.0001 <.0001 <.0001 
  1500 <.0001 <.0001 <.0001 
  2000 0.103 0.912 0.161 
  2500 <.0001 0.9857 0.1679 
15% 500 <.0001 <.0001 <.0001 
  1000 <.0001 <.0001 <.0001 
  1500 <.0001 <.0001 <.0001 
  2000 0.071 0.904 0.153 
  2500 <.0001 0.9693 0.1456 
20% 500 <.0001 0.002 0.0266 
  1000 <.0001 <.0001 <.0001 
  1500 <.0001 <.0001 <.0001 
  2000 0.0705 0.9935 0.1249 
  2500 <.0001 0.9954 0.1362 
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Table 22: Speed differential for different volumes with zero truck percentage 
Speed Differential 








JLM 0.32 0.17 0.15 0.17 0.14 0.16 0.39 2.47 
CLM 0.31 0.21 0.18 0.15 1.70 4.58 18.19 1.74 
1000 
JLM 0.11 0.06 0.05 0.06 0.05 0.06 0.19 2.76 
CLM 0.08 0.07 0.09 0.07 1.76 4.43 17.54 1.85 
1500 
JLM 0.07 0.07 0.06 0.09 0.06 0.08 0.26 2.86 
CLM 0.09 0.08 0.08 0.06 1.78 2.26 16.26 1.96 
2000 
JLM 0.10 0.07 0.05 0.17 0.36 0.48 0.45 2.91 
CLM 0.66 0.52 0.56 0.71 1.37 0.59 15.87 1.88 
2500 
JLM 0.76 0.77 0.69 0.62 0.57 0.66 0.88 2.99 
CLM 0.87 0.91 1.00 1.05 1.24 0.55 16.01 1.93 
5.3.4.1 Effect of Volume on Speed Differential 
Table 22 shows a speed differential between right and left lane for both the 
configurations in the work zone area.  It can be observed that for the case of JLM 
configuration, the results suggest a speed differential less than one as the vehicles move 
from advanced warning area into the work area.  For the case of CLM configuration the 
speed differential gradually increased from less than one in the advanced warning area 
to a highest of 18.19 in the transition area.  This suggested an increase in the probability 
of side swipe crashes in all cases as the volume increased from 500 to 2500 for CLM 
configuration as compared to JLM configuration.  This in turn suggested an 
improvement in safety for JLM configuration as compared to CLM configuration.  As the 
volume increased from 500 to 2000, the speed differential in the transition area 
decreased due to the large queue lengths and reduction in the average speed in both 
the lanes.  For a CLM configuration a high differential in the speed could cause a vehicle 
to stop completely in the closed lane of transition area. The vehicle will be unable to 
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merge into the open lane due to a high acceleration required at that moment. This 
could increase in a chance of side swipe crash. 
5.3.4.2 Effect of Trucks on Speed Differential 
It can be observed for all cases of truck percentages the speed differential was higher 
for the case of CLM configuration as compared to JLM configuration.  It can be observed 
that for JLM configuration as the truck percentage increased from zero to 20 the speed 
differential increased in the advanced warning area and transition area.  But the 
increase was not that significant and less than one suggesting that JLM configuration 
was having higher safety for all the cases as compared to CLM configuration.  For the 
case of CLM configuration the speed differential in the advanced warning area increased 
as the percentage of trucks increased from zero to 20.  In the transition area the speed 
differential dropped from 21 to 16 as the truck percentage increases from 5to 20. This 
could be because of the increase in the queue length which in turn reduced the average 
speeds within the transition area.  For all cases of truck percentages considered in the 
simulation the results suggest that JLM configuration had better safety in terms of side 
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CHAPTER 6 SUMMARY AND CONCLUSIONS 
This chapter summarizes the results and main findings obtained from the study.  In the 
next sections a summary, conclusions and future work are presented. 
6.1 Summary 
The first objective of this study was to conduct safety assessment using crash data 
collected at work zones in Louisiana from 2003 to 2007.The second objective was to 
compare the operational efficiency of JLM and CLM configurations at freeway work 
zones under different scenarios.  The third objective was to compare the safety benefits 
of CLM and JLM configurations under different scenarios.  All three objectives were 
addressed and summarized in the next two paragraphs. 
 
From Louisiana crash database, the work zone crashes were used to summarize 
different types of crashes.  The work zone crashes were divided into advanced warning 
area, transition area, work area and termination area.  The crashes were divided as rear 
end crashes, side swipe crashes and non collision crashes which were the predominant 
types of crashes.  Pie charts and ANOVA were used to compare the work zone crashes 
and crash rates by area of work zone and by type of crash. 
This study also evaluated the operational and safety performance of a new joint 
lane merge configuration and the conventional lane merge configuration recommended 
by MUTCD.  A simulation model (VISSIM) was calibrated with real-world data from an 
existing work zone on I-55 and used to simulate a work zone area with both 
configurations.  A total of 25 different scenarios were generated from five different 
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levels of demand and five truck percentages.  Performance measures in terms of total 
throughput, average delay time, lane changing activity were used to analyze the 
operational performance of both configurations. Performance measures in terms of 
uncomfortable decelerations, speed variance, mean decelerations and speed 
differential were used to analyze the safety performance of both configurations.  These 
performance measures were collected from 10 runs for each scenario and compared for 
both lane merge configurations using t-tests. 
6.2 Conclusions 
In work zone areas rear end crashes, side swipe crashes and non collision crashes were 
the predominant type of crashes in Louisiana.  The results show that advanced warning 
area had higher overall, fatality, injury and PDO crash rates as compared to transition 
area, work area and termination area.  There was no significant difference between 
crash rates of transition area, work area and termination area.  For advanced warning 
area, transition area, work area and termination area PDO crash rates were higher than 
fatality and injury crash rates.  Similarly, fatal crash rates were lower than injury and 
PDO crash rates. 
The simulation results of the statistical analysis showed that both configurations 
had similar operational performance in terms of throughput and average delay time at 
lower demand levels (500 and 1000 vph).  For cases of high demand levels (2000 and 
2500 vph), the joint lane merge configuration exhibited higher operational efficiency 
than the conventional lane merge configuration.  At such high demand levels the 
maximum throughput produced by the conventional lane merge and joint lane merge 
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configurations was 1856 and 2008 pcphpl, respectively.  The results showed that the 
joint lane merge outperformed the conventional lane merge by a maximum of 12.6% 
improvement in throughput and 94.83% reduction in average delay time at high levels 
of demand.  On the contrary, the work zone throughput for the conventional lane merge 
configuration at high demand levels tends to increase with higher percentage of trucks.  
In other words, as the percentage of trucks increases, the added operational efficiency 
of joint lane merge over conventional lane merge seems to become marginal.  The 
results of operational performance measures indicate that the conventional lane merge 
configurations are more suitable for sites with relatively high percentage of trucks, while 
joint lane merge configurations are more suitable for sites with low percentage of 
trucks. The results also show that the percent reduction in average delay time decreases 
as the truck percentage increases, which confirms the finding that the joint lane merge 
is more effective for sites with low percentage of trucks.  The percent reduction, 
however, decreases when the demand level increases from 2000 to 2500 vph. 
From Table 23, the results suggest that overall safety for the advanced warning 
area of joint lane merge configuration is less than or equal to that of conventional lane 
merge configuration for all cases of volumes. The results suggest that the overall safety 
for transition area of joint lane merge configuration is greater than that of conventional 
lane merge configuration for volumes of 0 to 1500 vph. However, the overall safety for 
transition area of joint merge is ambiguous to that of conventional lane merge 
configuration for volumes of greater than 1500 vph. This is because of because of the 
contradicting results from different variables. The results suggest that the overall safety 
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for buffer area of joint lane merge configuration is greater than or equal to that of 
conventional lane merge configuration for all the cases of volumes. No effect of 
percentage of trucks is observed on the overall safety of both configurations. 
Table 23: Safety Assessment of CLM and JLM configuration 
Safety Comparision between CLM and JLM configurations by different variable for volume 0 to 1500 vph 
 
Overall safety 
Safety related to rear end 
crashes 
Safety related to 
side swipe crashes 
 
speed variance mean decelerations uncomfortable decelerations speed differential 
advanced warning area JLM≤CLM JLM >CLM JLM≤CLM JLM >CLM 
transition area JLM >CLM JLM >CLM JLM >CLM JLM >CLM 
buffer area JLM >CLM JLM >CLM JLM >CLM JLM >CLM 
Safety Comparision between CLM and JLM configurations by different variable for volume 2000 to 2500 vph 
 
Overall safety 
Safety related to rear end 
crashes 
Safety related to 
side swipe crashes 
 
speed variance mean decelerations uncomfortable decelerations speed differential 
advanced warning area JLM≤CLM JLM≤CLM JLM≤CLM JLM >CLM 
transition area JLM≤CLM JLM≤CLM JLM≤CLM JLM >CLM 
buffer area JLM >CLM JLM >CLM JLM >CLM JLM >CLM 
The safety related to rear end crashes for all the areas of both configurations followed 
similar trend as the overall safety. The simulation results suggest that the safety related 
to sideswipe crashes of the joint lane merge configuration is better than conventional 
lane merge configuration for all the cases of volumes. It can be observed that the overall 
safety of both lane merge configurations is guided by the percentage of rear end crashes 
from all the crashes. The safety of joint lane merge configuration is questionable as 
compared to the conventional lane merge configuration for most of the cases according 
to the results. 
6.3 Future Work 
Future research should also compare the operational and safety benefits of both lane 
merge configurations to other configurations such as early merge, late merge, and 
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dynamic merge.  The performance of various lane merge configurations should also be 
examined for other geometric configurations such as merging three lanes into two, four 
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APPENDIX- A PROJECTS DONE ON INTERSTATES IN LOUISIANA BETWEEN 2003-2007 













1 450-03-0064 27 450-03 10.61 22.29 5/12/2003 6/7/2004 
2 450-03-0071 27 450-03 0 0.77 3/20/2007 . 
3 450-04-0069 1 450-04 7.012 14.996 8/22/2002 10/5/2004 
4 450-04-0084 1 450-04 0 6.882 6/9/2003 6/30/2004 
5 450-05-0034 28 450-05 10.55 10.75 2/28/2002 8/27/2003 
6 450-07-0082 24 450-07 8.532 14.78 6/25/2004 5/6/2005 
7 450-08-0049 61 450-08 0 10.11 6/25/2004 5/6/2005 
8 450-10-0111 17 450-10 7.47 8.92 4/15/2004 3/12/2007 
9 450-10-0123 17 450-10 3.72 3.82 9/14/2003 11/26/2003 
10 450-10-0124 17 450-10 7.47 8.92 4/15/2004 3/12/2007 
11 450-15-0085 26 450-15 2.21 2.81 1/4/2000 8/13/2003 
12 450-15-0098 26 450-15 5.96 7.86 9/16/2002 3/8/2004 
13 450-15-0127 26 450-15 2.5 4.35 3/28/2005 7/1/2005 
14 450-17-0022 52 450-17 0 5.406 9/10/2005 1/6/2006 
15 450-17-0023 52 450-17 0 5.406 9/10/2005 1/6/2006 
16 450-17-0024 52 450-17 0 5.406 1/2/2006 . 
17 450-17-0025 52 450-17 0 5.406 6/1/2006 . 
18 450-17-0028 52 450-17 3.593 4.688 1/25/2007 . 
19 450-18-0050 52 450-18 4.477 5.845 5/26/2006 . 
20 450-18-0070 52 450-18 9.6 12.1 7/21/2002 1/31/2003 
21 450-18-0088 52 450-18 0 6.62 5/10/2006 12/15/2006 
22 450-18-0089 52 450-18 9.33 12.91 4/28/2003 10/27/2003 
23 450-18-0091 52 450-18 3.08 8.23 11/10/2003 2/20/2004 
24 450-18-0100 52 450-18 0 1 6/1/2006 . 
25 450-30-0061 10 450-30 3.2 3.5 5/20/2004 6/2/2005 
26 450-34-0075 36 450-34 0.383 0.77 6/13/2005 9/29/2006 
27 450-37-0020 45 450-37 0 0.52 9/10/2004 . 
28 450-90-0178 36 450-90 0 0.01 7/6/2006 5/8/2007 
29 450-90-0199 36 450-90 23.65 24.65 6/1/2006 . 
30 450-91-0076 10 450-91 2.167 10.061 9/4/2002 6/12/2003 
31 450-91-0087 10 450-91 19.22 20.91 8/12/2003 4/8/2005 
32 450-91-0138 10 450-91 20.85 22.97 5/21/2007 10/17/2007 
33 450-91-0139 10 450-91 10 19.75 4/18/2005 8/20/2007 
34 450-92-0038 17 450-92 0 0.001 8/28/2006 3/1/2007 
35 450-92-0044 17 450-92 0 3.06 12/4/2007 6/18/2008 
36 451-01-0108 9 451-01 9.722 12.733 8/1/2002 11/9/2004 




38 451-02-0048  8 451-02  9.817 15.6 12/11/2007 9/15/2008 
39 451-02-0049  8 451-02  15.56 18.67 4/19/2004 10/7/2004 
40 451-03-0044  60 451-03  0 3.6 4/19/2004 10/7/2004 
41 451-04-0049  7 451-04  13.88 17.39 1/4/2005 6/30/2005 
42 451-05-0096  31 451-05  14.149 21.365 5/7/2003 12/19/2003 
43 451-05-0099  31 451-05  14.314 15.475 3/5/2007 7/17/2008 
44 451-05-0101  31 451-05  21.279 27.33 1/17/2005 6/7/2005 
45 451-05-0104  31 451-05  0 4.779 1/4/2005 6/30/2005 
46 451-06-0118  37 451-06  0 6.14 5/7/2003 12/19/2003 
47 451-06-0121  37 451-06  17.808 18.203 9/8/2005 3/30/2006 
48 451-06-0123  37 451-06  18.13 18.4 7/28/2003 3/31/2004 
49 451-06-0124  37 451-06  11.898 16.824 7/17/2006 9/21/2006 
50 451-06-0127  37 451-06  6.11 11.66 4/18/2005 6/29/2005 
51 451-07-0054  42 451-07  7.36 7.42 5/22/2007 6/10/2008 
52 451-07-0060  42 451-07  10.88 17.502 9/19/2005 11/22/2005 
53 451-07-0063  42 451-07  21.279 26.601 3/1/2006 12/11/2006 
54 451-08-0060  33 451-08  0 5.096 5/19/2003 11/3/2003 
55 451-08-0061  33 451-08  31.09 32.96 6/3/2002 10/13/2003 
56 451-08-0065  33 451-08  5.063 16.124 3/15/2004 12/17/2004 
57 451-09-0015  33 451-09  0 0.792 6/5/2001 11/21/2003 
58 451-30-0032  9 451-30  3.09 5.04 5/19/2003 9/2/2003 
59 452-90-0137  53 452-90  0 1.822 4/22/2004 3/14/2006 
60 454-01-0051  17 454-01  1.4 1.9 10/9/2002 1/12/2006 
61 454-01-0071  17 454-01  3.453 3.7 3/5/2007 6/13/2007 
62 454-02-0035  32 454-02  3.88 4.78 2/1/2005 7/26/2007 
63 454-02-0062  32 454-02  1.15 7.4 1/22/2007 .  
64 454-03-0066  53 454-03  0 6.11 6/11/2007 7/30/2007 
65 454-04-0053  52 454-04  20.62 32.68 2/1/2005 2/16/2006 
66 454-04-0060  52 454-04  31.642 32.31 5/22/2006 4/3/2007 
67 454-04-0067  52 454-04  26.98 32.32 8/18/2003 12/17/2003 
68 454-04-0071  52 454-04  10.13 20.671 12/27/2007 .  
69 455-01-0049  28 455-01  0 8.53 10/29/2007 7/3/2008 
70 455-04-0018  5 455-04  1.436 8.93 4/6/2005 11/18/2005 
71 455-05-0108  40 455-05  0 2.226 4/6/2005 11/18/2005 
72 455-06-0047  35 455-06  44.11 51.19 6/1/2005 10/4/2005 






























area ADT months 
1 0.2 450-05 8.55 11.75 9.75 10.25 10.75 11.75 55255 18.167 
2 5.783 451-02 8.817 16.6 14.6 15.1 15.6 16.6 40845 9.3 
3 3.11 451-02 14.56 19.67 17.67 18.17 18.67 19.67 32598 5.7 
4 3.6 451-03 0 4.6 2.6 3.1 3.6 4.6 34970 5.7 
5 1.822 452-90 0 2.822 0.822 1.322 1.822 2.822 22029 23.033 
6 2.12 450-91 19.85 23.97 21.97 22.47 22.97 23.97 48461 4.9667 
7 8.53 455-01 0 9.53 7.53 8.03 8.53 9.53 33816 8.2667 
8 0.9 454-02 2.88 5.78 3.78 4.28 4.78 5.78 54535 30.167 
9 6.25 454-02 0.15 8.4 6.4 6.9 7.4 8.4 54535 27.667 
10 7.08 455-06 43.11 52.19 50.19 50.69 51.19 52.19 12061 4.1667 
11 11.68 450-03 9.61 23.29 21.29 21.79 22.29 23.29 35279 13.067 
12 0.3 450-30 2.2 4.5 2.5 3 3.5 4.5 29625 12.6 
13 7.894 450-91 1.167 11.061 9.061 9.561 10.061 11.061 39841 9.3667 
14 1.69 450-91 18.22 21.91 19.91 20.41 20.91 21.91 48461 20.167 
15 9.75 450-91 9 20.75 18.75 19.25 19.75 20.75 39841 28.467 
16 16.4 451-01 0 18.08 16.08 16.58 17.08 18.08 80526 14 
17 4.028 455-07 31.512 37.54 35.54 36.04 36.54 37.54 18544 14 
18 3.58 450-18 8.33 13.91 11.91 12.41 12.91 13.91 34300 6.0667 
19 5.15 450-18 2.08 9.23 7.23 7.73 8.23 9.23 64341 3.4 
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20 12.06 454-04 19.62 33.68 31.68 32.18 32.68 33.68 48831 12.667 
21 5.34 454-04 25.98 33.32 31.32 31.82 32.32 33.32 53528 4.0333 
22 6.248 450-07 7.532 15.78 13.78 14.28 14.78 15.78 39450 10.5 
23 10.11 450-08 0 11.11 9.11 9.61 10.11 11.11 37247 10.5 
24 1.368 450-18 3.477 6.845 4.845 5.345 5.845 6.845 57627 35.7 
25 6.62 450-18 0 7.62 5.62 6.12 6.62 7.62 35351 7.3 
26 0.668 454-04 30.642 33.31 31.31 31.81 32.31 33.31 63555 10.533 
27 10.541 454-04 9.13 21.671 19.671 20.171 20.671 21.671 38837 16.367 
28 6.051 451-05 20.279 28.33 26.33 26.83 27.33 28.33 35961 4.7 
29 3.51 451-04 12.88 18.39 16.39 16.89 17.39 18.39 25540 5.9 
30 4.779 451-05 0 5.779 3.779 4.279 4.779 5.779 26003 5.9 
31 7.494 455-04 0.436 9.93 7.93 8.43 8.93 9.93 14819 7.5333 
32 2.226 455-05 0 3.226 1.226 1.726 2.226 3.226 17656 7.5333 
33 1.45 450-10 6.47 9.92 7.92 8.42 8.92 9.92 84837 35.367 
34 0.1 450-10 2.72 4.82 2.82 3.32 3.82 4.82 166902 2.4333 
35 1.45 450-10 6.47 9.92 7.92 8.42 8.92 9.92 73121 35.367 
36 0.6 450-15 2.21 2.81 0.81 1.31 1.81 2.81 120959 43.9 
37 1.9 450-15 5.96 7.86 5.86 6.36 6.86 7.86 115398 17.967 
38 1.85 450-15 2.5 4.35 2.35 2.85 3.35 4.35 137470 3.1667 
39 5.406 450-17 0 5.406 3.406 3.906 4.406 5.406 140642 3.9333 
40 1.095 450-17 3.593 4.688 2.688 3.188 3.688 4.688 65735 27.567 
41 3.06 450-92 0 4.06 2.06 2.56 3.06 4.06 88780 6.5667 
42 6.14 451-06 0 7.14 5.14 5.64 6.14 7.14 33210 7.5333 
43 0.395 451-06 16.808 19.203 17.203 17.703 18.203 19.203 77201 6.7667 
44 0.27 451-06 17.13 19.4 17.4 17.9 18.4 19.4 66890 8.2333 
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45 0.06 451-07 6.36 8.42 6.42 6.92 7.42 8.42 27049 12.833 
46 6.622 451-07 9.88 18.502 16.502 17.002 17.502 18.502 23817 2.1333 
47 5.322 451-07 20.279 27.601 25.601 26.101 26.601 27.601 22728 9.5 
48 5.096 451-08 0 6.096 4.096 4.596 5.096 6.096 23069 5.6 
49 1.87 451-08 30.09 33.96 31.96 32.46 32.96 33.96 28023 16.567 
50 11.061 451-08 4.063 17.124 15.124 15.624 16.124 17.124 22924 9.2333 
51 0.792 451-09 0 1.792 -0.208 0.292 0.792 1.792 19283 29.967 
52 1.95 451-30 3.09 5.04 3.04 3.54 4.04 5.04 30412 3.5333 
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APPENDIX- C SPEED VARIANCE RESULTS 
speed variance advanced warning area 
transition 





joint 0.63 1.04 3.36 0.97 0.70 
conventional 0.76 3.28 9.26 4.87 0.26 
1000 
joint 0.72 1.70 7.23 1.50 0.64 
conventional 0.75 5.47 15.11 10.85 0.26 
1500 
joint 0.77 4.75 17.05 2.84 0.63 
conventional 0.77 23.64 28.32 20.22 0.26 
2000 
joint 9.56 51.06 10.37 1.94 0.62 
conventional 53.74 4.40 3.89 2.71 0.25 
2500 
joint 10.52 11.33 6.07 0.81 0.60 
conventional 8.14 4.42 4.13 2.64 0.25 
5% 
500 
joint 0.79 1.21 3.38 1.09 0.73 
conventional 0.87 4.99 9.15 8.10 0.49 
1000 
joint 0.90 2.25 9.15 2.47 0.94 
conventional 0.86 7.20 18.77 13.49 0.49 
1500 
joint 1.11 7.47 16.35 3.97 0.89 
conventional 0.96 24.09 31.64 23.00 0.51 
2000 
joint 54.45 14.62 10.46 5.99 1.38 
conventional 33.38 4.94 6.80 5.16 0.58 
2500 
joint 8.00 7.93 11.16 8.21 2.45 
conventional 8.55 5.03 8.93 6.29 1.08 
10% 
500 
joint 0.88 1.36 2.77 1.02 0.74 
conventional 0.98 5.93 9.93 7.90 0.65 
1000 joint 1.07 2.75 8.13 2.47 0.98 
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conventional 0.96 9.68 19.69 16.77 0.65 
1500 
joint 1.38 12.31 17.45 5.92 1.55 
conventional 1.38 30.37 32.81 23.45 0.73 
2000 
joint 50.92 15.76 11.75 8.03 1.97 
conventional 38.95 4.94 5.25 5.91 0.83 
2500 
joint 8.32 8.11 11.24 8.00 2.07 
conventional 8.11 5.20 5.41 6.13 0.83 
15% 
500 
joint 0.97 1.65 1.40 1.00 0.86 
conventional 1.09 6.51 12.20 8.19 0.78 
1000 
joint 1.19 3.38 8.10 2.82 1.23 
conventional 1.04 10.97 17.67 17.37 0.81 
1500 
joint 1.59 11.54 17.97 7.27 2.08 
conventional 1.13 31.51 34.05 23.76 0.92 
2000 
joint 28.94 8.01 11.16 8.34 2.41 
conventional 26.67 5.15 9.21 6.14 1.04 
2500 
joint 8.00 7.93 11.16 8.21 2.45 
conventional 8.55 5.03 8.93 6.29 1.08 
20% 
500 
joint 1.08 1.84 2.22 1.23 0.97 
conventional 1.16 6.41 15.63 9.25 0.93 
1000 
joint 1.32 4.28 8.61 3.35 1.42 
conventional 1.14 11.15 16.00 17.17 0.93 
1500 
joint 1.78 16.04 19.18 8.80 2.50 
conventional 1.45 32.52 33.97 23.48 1.13 
2000 
joint 21.35 7.66 10.63 7.76 2.79 
conventional 19.88 5.23 6.84 6.14 1.27 
2500 
joint 7.92 7.94 11.01 7.99 2.87 
conventional 8.82 5.32 7.81 6.30 1.26 
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joint -0.68 -0.14 -0.10 -0.01 -0.04 
conventional -1.00 -2.01 -3.70 -0.12 -0.03 
1000 
joint -0.65 -0.33 -0.21 -0.03 -0.05 
conventional -0.98 -2.16 -3.01 -0.28 -0.04 
1500 
joint -0.64 -0.74 -0.38 -0.06 -0.06 
conventional -0.95 -2.69 -3.39 -0.33 -0.06 
2000 
joint -1.22 -2.39 -0.20 -0.04 -0.07 
conventional -1.76 -0.61 -0.11 0.00 -0.07 
2500 
joint -1.29 -1.48 -0.14 -0.01 -0.06 
conventional -1.30 -0.65 -0.12 0.00 -0.07 
5% 
500 
joint -0.67 -0.15 -0.11 -0.01 -0.04 
conventional -1.00 -2.11 -3.47 -0.14 -0.04 
1000 
joint -0.65 -0.35 -0.22 -0.03 -0.06 
conventional -0.98 -2.12 -2.82 -0.30 -0.06 
1500 
joint -0.64 -0.92 -0.40 -0.08 -0.07 
conventional -0.96 -3.00 -3.70 -0.35 -0.08 
2000 
joint -1.97 -1.66 -0.18 -0.09 -0.07 
conventional -1.62 -0.83 -0.26 -0.03 -0.09 
2500 
joint -1.21 -1.51 -0.22 -0.13 -0.09 
conventional -1.36 -0.92 -0.21 -0.06 -0.10 
10% 
500 
joint -0.67 -0.16 -0.10 -0.01 -0.04 
conventional -1.01 -1.90 -2.95 -0.16 -0.05 
1000 joint -0.65 -0.40 -0.23 -0.03 -0.06 
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conventional -0.98 -2.43 -3.30 -0.32 -0.07 
1500 
joint -0.65 -1.05 -0.40 -0.10 -0.07 
conventional -1.00 -2.80 -2.97 -0.31 -0.08 
2000 
joint -1.66 -1.61 -0.19 -0.11 -0.09 
conventional -1.66 -0.88 -0.26 -0.05 -0.09 
2500 
joint -1.23 -1.53 -0.19 -0.12 -0.08 
conventional -1.34 -0.86 -0.23 -0.04 -0.09 
15% 
500 
joint -0.67 -0.19 -0.10 -0.01 -0.04 
conventional -1.01 -1.50 -1.82 -0.19 -0.06 
1000 
joint -0.64 -0.45 -0.22 -0.04 -0.07 
conventional -0.98 -2.58 -3.66 -0.34 -0.09 
1500 
joint -0.64 -1.15 -0.39 -0.10 -0.08 
conventional -0.98 -2.92 -3.02 -0.32 -0.09 
2000 
joint -1.50 -1.50 -0.21 -0.13 -0.09 
conventional -1.60 -0.94 -0.29 -0.06 -0.10 
2500 
joint -1.21 -1.51 -0.22 -0.13 -0.09 
conventional -1.36 -0.92 -0.21 -0.06 -0.10 
20% 
500 
joint -0.67 -0.22 -0.09 -0.01 -0.04 
conventional -1.01 -1.79 -2.15 -0.21 -0.06 
1000 
joint -0.64 -0.49 -0.23 -0.04 -0.07 
conventional -0.99 -2.61 -3.68 -0.36 -0.08 
1500 
joint -0.64 -1.29 -0.41 -0.11 -0.09 
conventional -1.00 -2.91 -2.84 -0.31 -0.10 
2000 
joint -1.40 -1.52 -0.22 -0.13 -0.10 
conventional -1.53 -0.98 -0.35 -0.07 -0.10 
2500 
joint -1.23 -1.52 -0.21 -0.12 -0.10 
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